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Abstract 
 
Polymer solutions can form homogenous mixtures or they can undergo phase separation. 
With linear low density polyethylene (LLDPE) production using solution polymerization 
process, better understanding of phase equilibrium and phase separation is important to 
design such desired process.   
The goal of this work is to determine liquid–liquid phase boundaries during the phase 
separation. For binary and multicomponent systems, liquid-liquid phase boundaries are 
determined by measuring liquid-liquid phase separation points also known as cloud points. 
These cloud point measurements are conducted at a temperature range of 130 ℃ to 250 ℃ 
and pressures up to 100 bar for systems in 15-29 mass percentage (m-%) polymer 
concentration. For binary systems consisting of polyethylene and n-hexane, as well as for 
multicomponent systems containing polyethylene, ethylene monomer, 1-butane or 1-octene 
comonomer, butane or Iso-octane, and a hexane solvent, cloud point values were 
measured for six different types of polymers. And these experiments were done in a 
pressure and temperature controlled variable volume cell.  
Lower critical solution temperature (LCST) behavior was observed in the investigated 
temperature range. With increasing polymer concentration (increasing solubility of 
polymers), cloud points are observed at lower pressure values. On the other hand, with an 
increase in size and density difference between the polymer and solvent, a decrease in 
polymer solubility is observed. Hence this causes the cloud point values shift to higher 
pressures. 
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1. Introduction 
In polymer solutions, understanding of phase equilibria is vital for the design of 
polymerization processes. Many polymer products consist of binary or multicomponent 
systems of polymers. The Multicomponent polymer system consists of mixtures of 
different polymers or mixtures of polymers and other compounds such as solvents, 
monomers and comonomers. In most cases, mixtures of polymers are not miscible, 
that is, only very few pairs of polymers are known to be miscible and then only in a 
narrow temperature and concentration range. The main factors that determine the 
phase behavior are average molecular weight and distribution of molecular weights, 
structure and chemical composition of the polymers and other compounds in a mixture, 
polymer concentration or polymer volume fraction in the blend and temperature and 
pressure values. (Malpass, 2010) 
Polymer solutions can form either homogenous mixtures or they can undergo phase 
separation. Phase separation conditions of polymer systems are of special importance 
in polymer processing. Information about liquid-liquid equilibria (LLE) is specifically 
important for polymerization processes where production of polymer is done in more 
than one liquid phase. Unreacted monomers, comonomers and solvents are then 
separated from such polymer solutions. The formation of a two liquid phases is usually 
induced by a change in temperature or molecular weight of polymer. Whether two 
polymers are mutually miscible or whether a polymer is soluble in a solvent depends 
on the free energy curve shape and the composition. To better understand the phase 
behavior of polymer solutions, we have to understand how the shape of the free energy 
curve of mixing effects the stability of the system. For any phase the free energy, G, is 
dependent on the temperature, pressure and composition. For polymer solutions, free 
energy is discussed in details in the next chapter. (Robenson, 2007) 
Polyethylene is the most commonly used polymer with variable crystalline structure and 
large number of applications depending upon certain type. This classification of PE is 
based on density and branching difference, most commonly are linear low-density 
polyethylene (LLDPE), low-density polyethylene (LDPE) and high-density polyethylene 
(HDPE). This work focuses on LLDPE, a significantly linear polymer with prominent 
numbers of short branches, usually prepared by copolymerization of ethylene with long-
chain olefins. (Siow, 1972) 
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The goal of this study is to examine the phase equilibria of LLDPE in different polymer 
– solvent systems. For these LLDPE-solvent systems, liquid-liquid separation 
temperatures and pressures are measured. Literature part of this thesis covers general 
information on manufacturing processes, phase behavior and factors affecting the 
liquid-liquid phase separation. Finally, the experiments conducted with the different 
LLDPE – solvent systems along with measurement results will be presented. 
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Literature Part 
2. Polyethylene processes and Phase behavior phenomena 
In order to identify the significance of the cloud points in polymer solutions, it is first 
important to understand the current industrial processes and phenomenon involved in 
these processes. Therefore, this chapter presents a general overview of current 
industrial PE processes and discusses the phase behavior of polymer solutions 
involved in these processes. These industrial polymerization processes are based on 
different physical state of media and reactor conditions. In binary polymer systems, in 
order to understand phase behavior, a sound knowledge of molecular thermodynamics 
of polymer solution is very important. Therefore, this part of literature briefly explains 
not only molecular thermodynamics, but also phase diagrams and phase separation 
mechanism of polymer solution.    
2.1. Industrial polymerization processes 
PE a polymer of ethylene (CH2=CH2) having the formula (–CH2CH2–)n, is one of the 
most used plastic. Its production can be done at high temperatures (350-570 K) and 
pressures (10-3000 bar) in the presence of different catalysts, depending upon the end 
user product. Depending upon those procedures used for the synthesis of PE, different 
structures may be present, i.e. long and short-branched PE. It is the most consumed 
polymer in the world and the main reason for that is the versatility of the material, which 
provides high performance as compared to other materials and can be used as 
alternative for materials such as glass, paper or metal. These versatile ranges of 
products of PE is obtained by utilizing different and complex PE manufacturing 
processes. (Vasile et al., 2005) 
The polymerization processes are categorized with respect to the physical state of 
medium and on the basis of reactor type used in manufacturing processes. These 
polymerization processes are,   
1. solution polymerization 
2. suspension polymerization  
3. gaseous phase polymerization 
4. bulk polymerization 
Pressure range is also an important part in classifying these processes. For example, 
a coordination mechanism is used in first three processes and a free radical mechanism 
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is utilized in the last mentioned polymerization process. Range of pressure for first three 
processes is approximately 10MPa and for last process it is approximately 100 MPa. 
New catalyst technology and a wider range of reactor designs has enabled the 
possibility to produce these polymers with improved performance of end-use products. 
Borstar of Borealis is one of such new concept of manufacturing PE, which combine 
different processes to increase the product versatility.  
The polymer mechanical properties, chain length and degree of crystallinity can be 
controlled by adjusting polymerization reaction conditions and reactant amount. 
LLDPE, which are copolymers of ethylene and α-olefin (butene, hexene, octene etc.) 
with a wide range of short-chain branched molecular structures provide better 
crystallinity and mechanical properties.  
 
Figure 1. But-1-ene, ethylene polymer structure with side chains. (Vasile et al., 2005) 
For example, with but-1-ene, ethylene polymer structure exhibits short chain branching 
also known as pendant groups as shown in Figure 1. Such structure provides better 
resilience, tear strength and flexibility in polymer without any plasticizers. (Vasile et al., 
2005) 
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In solution polymerization polymer molecules form more homogenous resins and this 
process also provide a better ability to incorporate higher α-Olefin co-monomers.
 
Figure 2. Schematic process flow diagram for the solution process for production of 
polyethylene.(Kirk-Othmer, 2006) 
Figure 2 shows a schematic diagram of the Solution process, which mostly utilizes 
Ziegler-Natta catalysts at 160-220 ℃ temperature and 34-344 bar pressure. The 
polymer is dissolved in a solvent, normally cyclohexane C8 aliphatic hydrocarbons and 
this polymerization process is homogeneous, which occurs at temperatures well above 
the melting range of polyethylene. Polymerization takes place in a solution and the 
catalyst residence time is short in this process. Catalyst and co-catalysts exhibits 
reasonably good high temperature stability in the solution polymerization process. 
Catalyst morphology and particle size distribution are less important and a wide range 
of co-monomers can be used. (Malpass, 2010) 
The suspension or slurry-phase process shown in Figure 3 can also be used to produce 
LLDPE. In the presence of solvent an organometallic compound with a metal alkyl react 
in a temperature range of 100-130 ℃ and at a pressure of 20 bars to produce LLDPE. 
PE is produced because of reacting ethylene in gas phase with an active site of catalyst. 
This suspension solution is then passed over a catalyst decomposition bed to 
deactivate the remaining catalyst, which is not utilized completely during the 
polymerization process. (Cheremisinoff, 1989) 
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Figure 3. Suspension polymerization (Ziegler-Natta) process. (Rodriguez, 2003) 
Solution polymerization produces polyethylene with a broad range of densities and 
limited range of molecular weights. The suspension polymerization process produces 
polyethylene with a broad range of melt index and a small range of densities. This 
difference makes solution polymerization more suitable for the production of 
polyethylene. (Rodriguez, 2003) 
LLDPE and HDPE are commonly produced by gas phase polymerization process 
shown in Figure 4. HDPE is produced at 80-100 ℃ temperature and 30-35 bar 
pressure in a fluidized bed reactor by reacting α-Olefin with an active chromium 
based catalyst. Because of narrow differences between the melting point and 
polymerization temperature, LLDPE is more difficult to produce with gas phase than 
HDPE. LLDPE produced as a result of gas phase polymerization exhibits strong 
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intermolecular bonds, making material denser and more rigid. 
 
Figure 4. Gas phase ethylene polymerization process. (Kirk-Othmer, 2006) 
With each combination of polymerization conditions, reactor systems use catalysts or 
initiators in a polymerization process and produce a different molecular structure. (Xie 
et al., 1994) 
2.2. Molecular Thermodynamics of polymer-solvent solution 
Molecular thermodynamics explains the relationship between physicochemical 
properties and classical thermodynamics of components in a solution.  To get the 
condition in which polymer dissolves in a solvent, a molecular thermodynamic approach 
is utilized along with a series of experimental work where solvent and its properties are 
varied consistently in order to clarify the basic features of the components of that 
solvent. This kind of molecular approach provides useful information to design 
processes to produce polymers and copolymers at low pressure conditions that are 
miscible in solvents. Therefore, Gibbs free energy must be a minimum and negative in 
order to form a stable polymer-solvent solution at given temperature and pressure. 
(Prausnitz et al., 1986) 
The Gibbs free energy of mixing is 
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∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥                                                                                                                        1 
              
∆𝐻𝑚𝑖𝑥 = Change of enthalpy of mixing 
∆𝑆𝑚𝑖𝑥 = Change of entropy of mixing 
T = Absolute temperature 
∆Gmix = Gibbs free energy of mixing 
Enthalpic interactions are largely affected by polymer segment-segment, polymer 
segment-solvent, solvent-solvent interaction and by Solution density. ∆𝑆𝑚𝑖𝑥 , depends 
on the combinatorial and non-combinatorial entropy of mixing which are related to the 
volume change of mixing, also called the equation of state effect. (Patterson, 1982) 
It is reasonable to assume that the combinational entropy of mixing for a polymer-
solvent solution should not change largely as long as the density of the solvent does 
not drastically change in the solution.  Pressure and temperature values are close to 
dissolving conditions of polymer in solvent for such assumptions. The combinatorial 
entropy encourages the blending of a polymer with the solvent. Even though it is 
impossible to strictly separate the influence of entropic and energetic contributions on 
the ∆𝐺𝑚𝑖𝑥, it is convenient to conduct phase behavior experiments that can enhance 
the impact of energetic contributions compared to entropic contributions. In such 
circumstances, the polymer-solvent mixture phase behavior is governed by the 
molecular thermodynamic principles, which provides with resources to calculate the 
interactions that can significantly affect the phase behavior of the mixture. ∆𝐻𝑚𝑖𝑥  , 
expected to be equal to change in internal energy (∆𝑈𝑚𝑖𝑥) when the polymer-solvent 
solution is dense. Assuming pairwise additivity of solution energetics with density, is 
shown by the following expression (Equation 2) of internal energy of such isotropic 
homogeneous mixture compared to an ideal gas mixture: (Lee, 1988) (Blanks et al., 
1964) 
∆𝑈𝑚𝑖𝑥 ≈
2𝜋𝜌(𝑃,𝑇)
𝑘𝑇
∑ 𝑥𝑖𝑥𝑗𝑖,𝑗 ∫ 𝛤𝑖𝑗(𝑟, 𝑇) 𝑔𝑖𝑗(𝑟, 𝜌, 𝑇)𝑟
2𝑑𝑟                                                                    2                                                                          
∆𝑈𝑚𝑖𝑥 = Internal energy of mixing 
𝑥𝑖𝑥𝑗  = Mole fractions of component i and j 
𝑔𝑖𝑗(𝑟, 𝜌, 𝑇) = Radial distribution function 
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𝛤𝑖𝑗(𝑟, 𝑇) = Intermolecular pair potential energy of the polymer segments and the solvent 
𝜌(𝑃, 𝑇) = solution density 
𝑟 = Distance between molecules 
𝑘 = Boltzmann constant 
Solution energetics or energetics of solution formation is defined in two steps. First, the 
solute molecule units are pulled apart with help of energy (endothermic step) and 
second that solute molecule introduced in solvent. If solute is A and solvent is B two 
possibilities can observed. (Wohlfarth, 2005) 
1. Exothermic if A-B attractions are stronger than A-A plus B-B. 
2. Endothermic if A-B attractions are weaker than A-A plus B-B. 
Spatial positioning of molecules with respect to one another is described by a function 
called as radial distribution function. Radial distribution function defines how density 
varies as a function of distance from a reference particle. The solubility of the polymer 
is likely to increase with the increasing pressure of the system or by using a denser 
solvent. In this way, internal energy of the mixture is approximately proportional to its 
density. Such general information can be extracted from the above given approach. 
However, the only feasible condition to dissolve the polymer is when the energetics of 
polymer segment-solvent interaction dominate the polymer segment-segment and 
solvent-solvent interactions. (Danner et al., 1993)  
𝛤𝑖𝑗(𝑟, 𝑇) = − [𝐶1 (
𝛼𝑖𝛼𝑗
𝑟6
) + 𝐶2 (
µ𝑖
2µ𝑗
2
𝑟6𝐾𝑇
) + 𝐶3 (
µ𝑖
2𝑄𝑗
2
𝑟8𝐾𝑇
) + 𝐶4 (
𝑄𝑖
2µ𝑗
2
𝑟8𝐾𝑇
) + 𝐶5 (
𝑄𝑖
2𝑄𝑗
2
𝑟10𝐾𝑇
) +
𝑐𝑜𝑚𝑝𝑙𝑒𝑥 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛]                                                                                                            3                                                                                                                                                                                                                        
𝛤𝑖𝑗(𝑟, 𝑇) = Intermolecular pair potential energy of the polymer segments and the solvent 
α = Polarizability,  
µ= Dipole moment, 
Q = Quadrupole moment,  
C1-5 = Constants, 
𝑟 = Distance between molecules, 
16 
 
𝑘 = Boltzmann constant, 
Intermolecular interaction effects on phase behavior of polymer-solvent solution is 
described by 𝛤𝑖𝑗(𝑟, 𝑇) . The induction interactions effect on the potential energy in 
comparison to dispersion and polar interactions is much smaller that is why they are 
not shown in Equation 3. Since chain connectivity controls the segmental motion, 
interactions between polymer segments or with solvents are less effective. First term in 
equation 3, 𝐶1 (
𝛼𝑖𝛼𝑗
𝑟6
) known as nonpolar dispersion interactions, depend only on the 
components polarizability in the solution and not on temperature conditions. Therefore, 
with the increase in polarizability of the solvent, pressure needed to dissolve non-polar 
polymer into non-polar solvent should decrease. The solvents containing heteroatoms 
have bond dipoles, difference in electron affinity of these heteroatoms cause such 
dipoles that results in a dipole or a quadrupole moment i.e. higher order polar moments. 
Dipole moment measure distribution of poles along an axis whereas quadrupole 
moment measures distribution in a plane. (
αiαj
r6
) and (
Qi
2Qj
2
r10KT
) are terms for the potential 
energy of the dipole and quadrupole interactions is inversely proportional to 
temperature. (Buckingham et al., 1968) (Kirby et al., 1999) 
At elevated temperatures, solvent molecules behave as non-polar. Reason for such 
behavior is the disturbance in the configurational alignment of the polar moments of 
these molecules. There are a few possibilities to dissolve such non-polar polymer in a 
polar solvent. For example, dimethyl ether, a polar solvent can dissolve a non-polar 
polymer if temperature is high enough to break the ether-ether polar interactions which 
are reasonably strong at low temperature conditions.  To achieve a single phase in a 
solution, pressure is applied to that solution in the presence of a solvent with suitable 
density. Hydrogen bonding or complex formations can also contribute to the potential 
energy of attractive pair of polymer-solvent molecule. Similarly, directional interaction 
strengths are also very sensitive to temperature changes. Equations 1- 3 describe how 
pressure and temperature can affect the solvent quality. (Kirby et al., 1999)  
With the increase in solvent molecule size, polarizability within given chemicals (e.g. 
ethylene, hexane) can also increase, which is shown in Table 1. Polarizability in these 
chemicals is due to polar molecules. Polar molecules are those in which electric charge 
is distributed asymmetrically. Though the critical properties of alkanes and alkenes do 
not vary considerably from each other, but the double bond present in alkenes can 
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cause quadrupole moment, which can provide a potential site for complex formation. 
(Buckingham et al., 1968)   
Table 1. Supercritical fluid solvents with their physical properties. (McHugh et al., 1994) 
 
𝑇𝑐 = Critical temperature in ℃ 
𝑃𝑐 = Critical pressure in bar 
α = Polarizability in cm3 
µ = Dipole moment in Debyes, D 
The effects of solvent physical properties on the phase behavior of polymer solutions 
can be described by comparing the solubility characteristics of a single polymer or 
copolymer in a series of solvents.  Configurational interactions such as dipolar and 
quadrupole moments behave in a different way with respect to volume. The strength of 
dipolar interactions is 𝜇𝑖
∗ =
𝜇𝑖
𝑣𝑖
1/2   i.e. inversely proportional to square root of molar 
volume and the strength of quadrupole interactions 𝑄𝑖
∗ =
𝑄𝑖
𝑣𝑖
5/6  i.e. inversely proportional 
to 5/6 power of molar volume. Changing strengths of these configurational interaction 
with volume can affect the phase behavior of polymer-solvent solution as they directly 
related to intermolecular interaction shown in equation 3. While interpreting solubility 
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data of polymer dissolved in given solvent, this dipole and quadrupole interaction 
scaling becomes very important. (Kirby et al., 1999) 
2.3. General phase Diagrams of Binary Mixtures 
Binary phase diagrams are shown from Figure 5-8, where C1 and C2 represents critical 
points of components of 1 and 2 respectively. The dashed curves are critical mixture 
curves for binary mixtures and open triangles are critical end points. Three different 
cases are discussed in this study. (McHugh et al., 1994) 
Due to specific pressure and temperature, the liquid phase separate into two liquid 
phases as shown in Figure 5. The phase separation results in a liquid-liquid-vapor (LLV) 
line. A three dimensional P-T-X diagram of LLV surface is shown in Figure 5. 
 
Figure 5. Pressure (P)-Temperature (T) -Composition (x) diagram for the three-phase LLV region of 
a binary mixture. UCST (upper critical solution temperature), UCEP (upper critical end point), LL 
(liquid-liquid line), LLV (Liquid-liquid-vapor line) (McHugh et al., 1994) 
Notice that in the presence of gas phase, two liquids become critically identical (having 
identical critical points) at upper critical end point (UCEP). Only L-L equilibria exist at 
pressures above the ruled surface representing equilibrium of the three phases shown 
in Figure 5. (Streett, 2009) 
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Figure 6. Binary phase diagram case 1. (McHugh et al., 1994) 
The P-T locus of L-L critical points also termed as upper critical solution temperature 
(UCST). The location of critical points is relatively insensitive to pressure as indicated 
by the steepness of the UCST line in Figure 6. Location of UCST curve is governed by 
enthalpic interactions between the two components in a solution. Enthalpic interactions 
between mixture components primarily determine the state of miscibility and many of 
the physical properties of the mixture. (Prausnitz et al., 1986) 
The UCST curve basically describe the transition of LL phase to L phase when 
temperature is increased isobarically. It is not unexpected to see that the UCST curve 
is comparatively unaffected by pressure since the temperature is quite low because the 
phases under consideration are dense liquids. (Kirby et al., 1999) 
As critical properties (pressure, temperature and density) of substances are a function 
of intermolecular forces between the molecules of different structures and molecular 
weights, given phase behavior in Figure 7 is observed due to differences in these critical 
properties of two mixture components. These two pure component critical points are 
C1 and C2 shown in Figure 7, where C1 is more volatile component and C2, is the less 
volatile component. This phase behavior occurrence is due to the location of LLV region 
which is very close to the critical point of the more volatile component.  
Critical mixture curve branch that starts from the critical point of the first component of 
mixture with the higher critical temperature intersects the LLV line at the low-
temperature end called a lower critical solution temperature (LCST). The other branch 
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of the critical mixture curve, which starts at the critical point of the second component 
of lower critical temperature intersects the LLV line at the high-temperature end 
sometimes called a UCEP. A similar LLV behavior is observed in figure 6 as 
temperature go below the LCST. (McHugh et al., 1994) 
From dashed curve of critical mixture from C2 to C1 in Figure 7, pressure dependency 
of vapor-liquid (VL) to liquid transition with decrease in temperature isobarically 
represents the characteristic of the LCST curve. (Kirby et al., 1999) 
 
Figure 7. Binary phase diagram case 2. (Kirby et al., 1999) 
As dissimilarities of critical properties increases between mixture constituents, two-
phase regions (liquid-liquid and vapor-liquid) of diagram expand over a wider range of 
temperature and pressure. (McHugh et al., 1994) 
In this P-T diagram 8, as the difference between intermolecular force strength, size and 
structure of mixture constituents becomes much larger, the UCST curve at higher 
temperature shifted and critical mixture curve branch that intersect with the LLV line at 
LCST shift to lower temperatures (UCST curve moves to higher temperatures and 
combines with the LCST curve) as shown in Figure 8. Now branch from a critical point 
of less volatile component will not intersect with LLV region, but rather it exhibits a 
pressure decrease and then displays a steep negative slope indicator of the UCST 
curve. (Kirby et al., 1999) 
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Figure 8. Binary phase diagram case 3. (McHugh et al., 1994) 
2.4. Phase Separation mechanisms 
Phase separation is one of the important aspects in designing efficient process 
equipment, especially for the development of continuous separation processes. In 
polymer-solvent systems, vapor liquid equilibrium (VLE) phase separation is achieved 
by two main mechanisms. 
1. Dew point-type transition 
2. Bubble point-type transition 
A bubble point type transition features formation of a minor phase of lower density than 
the original single phase mixture. On the other hand, dew point type transition is 
described by the growth of a minor phase of a higher density than the original single 
phase mixture. These mechanisms are analogical to phase transitions in VLE systems. 
In VLE system, at bubble point a low density vapor phase starts to appear in liquid 
phase and at dew point a high density liquid phase starts to appear in vapor phase. 
These dew and bubble point-type transitions upon lowering pressure at constant 
temperature (shaded area represents polymer rich phase) are shown in figure 9. 
(Cameron, 2016) (Voorn, 1959) 
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Figure 9. Dew and bubble point-type transitions. (Cameron, 2016) 
 As shown in Figure 9 (a), an increase in high density phase (liquid) occur upon lowering 
the pressure. Similarly in Figure 9 (b), an increase in low density phase (vapor) occur 
upon lowering the pressure. 
As shown in Figure 10 (a), Bubble point type transition is achieved when initial polymer 
concentration (𝑋𝑖) is larger than critical polymer concentration (𝑋𝑐𝑟𝑡) and in Figure 10 
(b), Dew point type transition is achieved when 𝑋𝑖 is smaller than 𝑋𝑐𝑟𝑡. So 𝑋𝑖 and 𝑋𝑐𝑟𝑡 
play vital roles in describing such phase separation mechanism. Since molecular 
weight of polymers are in inverse relation with the 𝑋𝑐𝑟𝑡, that means with increase in 
𝑋𝑐𝑟𝑡 , MW of the polymer will decrease as shown in Figure 10. Therefore high MW 
polymer solutions tends to be separated under bubble point type mechanism and 
diluted polymer solution will follow the dew point type mechanism for separation. (Folie 
et al., 1996) 
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Figure 10. P-x diagrams for polydisperse polymer-solvent systems presenting UCSP behavior. 
(Folie et al., 1996) 
Bubble and dew point-type transitions occur at the cloud point depending on the critical 
polymer concentration of the system and the initial concentration of the polymer. (Folie 
et al., 1996) 
2.5. Phase behavior of polymer solutions 
Shape and curvature of Gibbs free energy on mixing ( ∆𝐺𝑚𝑖𝑥 ) as a function of 
concentration of polymer at a given T and P helps to understand the phase state of 
polymer-solvent solution and phase separation mechanism of that solution.   
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Figure 11. A diagram representing relationship between ∆𝐺𝑚𝑖𝑥and polymer concentration at different 
pressure or temperature in the upper portion. Lower portion represents a phase diagram of pressure 
or temperature and polymer concentration. (Utracki, 1994)  
In Figure 11, at T1 over the polymer concentration range, ∆Gmix  exhibits only one 
minimum, which shows that in the phase diagram over a whole range of polymer 
concentration, system is completely miscible. Further, at T2 and T3, the system shows 
only partial miscibility over a range of polymer concentration even though ∆Gmix is still 
lower than zero. In order to have ∆Gmix for the overall system to be minimized, ∆Gmix 
show two local minima that will separate the system into two phases. A concentration 
of these two phases is determined by ∆Gmix curve. (Zhang, 2005) 
[
𝜕(∆𝐺𝑚𝑖𝑥)
𝜕𝑥
]
1
= [
𝜕(∆𝐺𝑚𝑖𝑥)
𝜕𝑥
]
2
                                                                                                                 4 
These two points on ∆Gmix called as binodal points and binodal curve is formed by 
connecting binodal points at different temperations. From the ∆Gmix − 𝑥 curve, variation 
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points 𝜕2 (
∆Gmix
𝜕𝑥2
) = 0 are spinodal points and curve is spinodal curve. Both curves meet 
at the critical point given as 
𝜕2 (
∆𝐺𝑚𝑖𝑥
𝜕𝑥2
) = 𝜕3 (
∆𝐺𝑚𝑖𝑥
𝜕𝑥3
) = 0                                                                                                         5                                                                                            
A stable region above the binodal curve is shown in Figure 11 and because of the 
stability, a homogenous solution can be formed in that region. The term 𝜕2(
∆Gmix
𝜕𝑥2
) < 0, 
corresponds to an unstable region inside the spinodal curve. In this region, a 
spontaneous phase separation occurs that splits the system into two co-continuous 
phases. Similarly, term 𝜕2(
∆Gmix
𝜕𝑥2
) > 0 represents a region between spinodal and binodal 
curves called as metastable region. In this region, system may have one unstable 
phase. T4 shows fully immiscible region over the entire range of polymer concentration, 
as ∆Gmix is larger than zero. (Zhang, 2005) 
In lower part of Figure 11 shows a typical UCST behavior in a system. By increasing 
temperature from C to A, such systems exhibits the one phase region. On the other 
hand, if increasing temperature can shift the system from miscible to immiscible region, 
such system exhibits LCST behavior. (Zhang, 2005) 
 
Figure 12. Different combinations of UCST and LCST types of phase behaviors. (Olabisi et al., 
1979) 
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Figure 12 illustrates different patterns of these two phase behaviors.  In Figure 12, only 
B and C display pure UCST and LCST behavior respectively. D and E shows an island 
of immiscibility. A phase diagram of hourglass shape can be observed in Diagram F 
where LCST and UCST branches merge with each other. Experimentally, polystyrene 
solutions in acetone exhibits such behavior. In the beginning two branches at higher 
pressures move into each other and later by lowering the pressure these two branches 
merge with each other. Phase diagrams shown in Figure 12 cannot explain the 
complexity of LL phase behavior. (Luszczyk et al., 1995) 
Solid-fluid transition is another important phase transition in polymer solutions. If the 
polymers (linear polyethylene, polypropylene) have a regular chain structure, they can 
exist in crystalline state. The melting and crystallization temperature can be highly 
reduced in the presence of solvent. When the temperature decreases below the 
crystallization temperature range, solid-liquid phase behavior is involved in solution of 
semi-crystalline polymer. For a binary system, Equation 6 gives the solid-liquid phase 
separation temperature T. (Koningsveld et al., 2001) 
𝑇 =
∆𝐻𝑚𝑖
0
𝑅
+𝑔𝑇(1−𝑥𝑖)
𝟐
∆𝐻𝑚𝑖
0
𝑅𝑇𝑚𝑖
0 −𝑙𝑛𝑥𝑖
                                                                                              6                                                                                                 
T = phase separation temperature 
𝑇𝑚𝑖
0  = Melting temperature of pure components 
∆Hmi
0  = Enthalpy of melting of pure component 
g = Interaction function 
𝑥𝑖 = Composition of component i 
R = General gas constant 
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Figure 13. T-x phase diagram of a semi crystalline polymer in solution with a liquid-liquid phase 
boundary. (Koningsveld et al., 2001) 
In Figure 13, (a) shows a LL phase boundary of the crystalline polymer solution 
submerged under the solid-fluid (S-L) phase boundary. As shown in an open circle of 
(b), with the decrease in melting temperature of the polymer, the LL critical point meets 
the solid-fluid line. With further decrease in temperature, a UCST type of phase diagram 
appear in (c), where the LL phase boundary is more exposed to the solid-liquid line. In 
(d) and (e), UCST and LCST types of boundaries appear respectively. According to 
experimental data from Zhang, melting temperature increases with pressure. So 
pressure can control the L-L phase boundary location. (Zhang, 2005) 
2.6. Summary 
The phase state of reaction mixture controls the polymerization kinetics of the mixture. 
These polymerization kinetics define the polymer structure and end-use properties. So, 
this chapter generally explained the principles of molecular thermodynamics, which 
helps to understand about the conditions in which a polymer dissolve in the solvent. As 
a result of this literature review, it is appears that the ΔGmix must be a minimum and 
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negative for a stable polymer-solvent solution. A diagram of ΔGmix as a function of 
polymer concentration at different pressures or temperature conditions showed 
different combinations of UCST and LCST phase behaviors. Similarly, phase 
separation kinetics are also very important in order to minimize the separator volume 
and polymer residence time inside the separator.  
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3. Factors effecting the cloud point 
When considering only a PE + ethylene system at high pressures, ethylene is soluble 
to the PE phase and only one phase appears. If either the pressure is decreased or the 
temperature is increased at this point the polymer mixture might become cloudy and 
this pressure-temperature-composition point is called as the cloud point. This chapter 
mainly focuses on the importance of cloud point measurements for polymer solutions 
and different parameters that can affect the measurement values in polymer solutions. 
Effect of solvent quality is one major parameter that can impact the cloud point values. 
Along with that temperature, pressure, molecular weight and polydispersity of the 
polymer are also discussed. 
3.1. Cloud point measurement 
The cloud point data is important for the reactor operation to ensure that polymerization 
occurs in a desired phase. (Liu et al., 1980) 
de Loos et al. investigated these LLDPE + solvent phase equilibria for different types 
of LLDPE and solvents. They showed that the cloud point temperature increased in 
isobaric conditions when the alkane chain length increased. Similarly, cloud point 
temperature increase with increasing weight fraction of the polymer when polymer 
solution is at isobaric conditions. For the higher density polymers, the cloud point 
temperature is lower than that for low density polymers. (de Loos et al., 1983)  
The binary polymer-solvent diagram in Figure 7 in actual represents the 
multicomponent phase behavior of polymer-solvent system. Cloud Point, a 
multicomponent analogue of binodal point, represents the transition of a clear single 
phase to two cloudy phases at either UCST or LCST points. This transition from a single 
phase into two phases can be achieved by decreasing the temperature isobarically i.e. 
crossing the UCST curve or by crossing LCST curve, which is attained by increasing 
the temperature. Since the polymer do not have critical points, during the transition at 
high temperature values LCST curve cannot achieve a discrete end point. So, for 
polymer solvent solution the LLV lines can superpose onto the vapor pressure curve of 
the solvent. (Kirby et al., 1999) 
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Figure 14. Temperature-pressure phase diagram for binary mixtures of low MW solvent with a 
higher MW polymer. (McHugh et al., 1994) 
Figure 14 represents phase behavior for small molecules inferred to polymer-solvent 
mixture. It is observed that the LCST curve becomes more sensitive to the pressure 
changes when temperature at the point is quite close to the critical temperature of the 
solvent, where this solvent is highly compressible. Therefore, molar volume of the 
solvent is decreased with increased pressure that can help to reduce the free volume 
difference between the polymer and the solvent. (Freeman et al., 1960) 
It is important to be aware that the binary polymer-solvent diagram in Figure 14 actually 
represents multicomponent phase behavior since all polymers have a molecular weight 
polydispersity fixed by the synthesis technique used to make the polymer. For polymer-
solvent mixtures term cloud point is defined as transition of a transparent single phase 
to an opaque two-phase system occur either at LCST or UCST. This is the 
multicomponent analogue of a bimodal point. Isothermal maximum P-x curve, which is 
measured as a cloud point, does not correspond with critical point of the mixture. Binary 
mixture of monodisperse components does behave opposite to that. So, critical point 
for such mixture shifted to higher overall polymer concentration and a lower pressure 
than the maximum of p-x curve. For polydisperse systems, a horizontal line does not 
define the composition of the two simultaneously existing phases at each pressure of 
the P-x curve. This trend might be true for a binary mixtures as each of coexisting phase 
contains different molecular weights of participating oligomers that leads to partial 
fractionation of the parent polymer. A shadow curve is observed by measuring the 
composition of the phase that participates at the cloud point. Interaction of shadow and 
cloud point curves, which also occur at the interaction of spinodal and binodal curves, 
represents the true critical point of polydisperse polymer solvent mixture. (Rowlinson et 
al., 1982) (de Loos et al., 1983) 
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Another difference between small molecule and polymer-solvent behavior shown in 
Figure 7 and 14 respectively, is that the curves in the small molecule diagram are the 
curves of points for mixtures with differing compositions. Whereas the curves in 
polymer-solvent diagram are at essentially one fixed composition. (Kirby et al., 1999) 
For a mixture of monodisperse components, it is observed that over a pressure interval 
greater than that of observed pressure, a transition of cloud point can occur. Usually 
for a polymer having molecular weight polydispersity of less than ∼3.0 and having a 
higher molecular weight, the transition of cloud point is measured between a pressure 
range of 5-7 bar. If the molecular weight polydispersity of the polymer is large, the LLV 
signifies the higher pressure at which three phases exist also shown in figure X. (Lee 
et al., 1997) 
In figure 15 illustrates the effect of higher pressure values on UCST and LCST curves 
to get general understanding on phase behavior for polymer of range 3-15 weight %. 
In this temperature-composition diagram of polymer-solvent solution, temperature 
maximum or minimum is unresponsive to composition. Similarly, for pressure-
composition diagram, pressure and composition behave the same way. This means 
cloud point curve with composition between 3-15 weight %, essentially superpose. It 
can be seen from the Figure 15, curves are comparatively flat that the UCST and LCST 
points between the range of 3-15 weight percent of polymer. (Irani et al., 1986) 
 
Figure 15. A diagram to represent the effect of pressure on the maximum (UCST) and minimum 
(LCST) for a polymer-solvent mixture. (Kirby et al., 1999) 
For high molecular weight and for molecular polydispersity higher than ∼3.0, pressure 
maximum of P-x curve move to lower polymer concentration values. At that point, at a 
fixed polymer concentration between 3-15 weight %, cloud point curve may not 
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represent maximum pressure required to sustain single phase at all concentrations. So 
for a polymer of molecular weight greater than ∼100 000 g/mol, a weakening effect of 
polymer molecular weight in a liquid solvent can be observed on UCST curve, as shown 
in Figure 16. Similar kind of behavior is predictable if the pressure axis is exchanged 
with the temperature axis. (de Loos et al., 1983) 
 
Figure 16. Effect of polymer molecular weight on the phase behavior of a polymer-solvent solution at 
random pressure values. (Kirby et al., 1999) 
As already discussed in Figure 7, when two components in solution differ considerably 
with respect to their intermolecular potential or molecular size, the UCST curve shifts 
to higher temperatures and merges with the LSCT curve. Figure 17 illustrates similar 
behavior in polymer-solvent mixture, when one of the two components is non-polar and 
others are polar. For polymer-solvent system, at higher temperatures the cloud point 
curve is comparatively constant and show a sudden increase with a decrease in 
temperature. (Kirby et al., 1999) 
 
Figure 17. T-P phase diagram for binary mixtures of low MW solvent with a higher MW polymer. 
(Kirby et al., 1999) 
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Figure 18 represents fluid-phase behavior. This behavior is observed when polymer in 
mixture is semi-crystalline. For all practical purposes the solubility is so low at 
temperatures below the solidification boundary that polymer fractionation or extraction 
processes would not be operated in this regime. Generally, regardless of the system 
pressure, solution of polymer remains very dark (clouded) at temperature below 
solidification temperature. (Kirby et al., 1999) 
 
Figure 18. Polymer solidification effects on the phase behavior of polymer-solvent mixtures. (Kirby et 
al., 1999) 
The temperature is increased at constant pressure to find out whether this region 
represents liquid-fluid or solid-fluid equilibria. A liquid-fluid region exists at a lower 
temperature if solution becomes clear with the increase in temperature of about one –
to-two ℃. However, if solution becomes clear after 10-20 ℃ increase, solid-fluid region 
exists at lower temperature. (Kirby et al., 1999) 
3.2. Effect of solvent molar mass  
With increasing molecular size of solvent, the pressure required to achieve a single-
phase decreases. Figure 19 shows the phase behavior of polyethylene in a verity of 
different solvents. For example, starting from ethylene, 1600 bars pressure is required 
to obtain a single-phase at 393K. In case of propylene, cloud point pressure reduces 
from 1000 bar to ∼600 bar and a decrease of 400 bar to ∼200 bar occur with two 
different butenes (1-butene and 2-trans-butene) to achieve a single phase. In the case 
of n-hexane, single phase is obtained up to a pressure of 140 bars. (Nagy et al., 2007) 
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The properties of polymers in solution are determined by the balance between effective 
monomer–monomer attractions and excluded volume repulsions. These two terms 
explains the solvent quality in a polymer-solvent mixture. The excluded volume of a 
molecule in solution is the effective volume that is inaccessible to other molecules in 
the solution due to the presence of the first molecule. In good solvents dominance of 
excluded volume effects cause the better mixing of polymers in solvent molecules. 
(Hansen et al., 2005) 
 
Figure 19. Effect of solvent quality on PE of MW 108 000 (g/mol), Polydispersity (Mw/Mn) 3.0, 
Melting temperature (Tm) 386 K solubility at 5 weight percentage in normal alkenes (closed circles, 
ethylene; open circles, propylene; closed squares, 1-butene; open squares, 2- butene). (Kirby et al., 
1999) 
Figure 19 also gives an idea about the strength of double bonds in polymer-alkene 
mixtures. (Ehrlich et al., 1963) showed that the polyethylene-alkane mixtures exhibit 
very similar trends to those found with the alkene solvents. PE-propene and PE-butene 
curves superpose onto propane and butane curves respectively. Only PE-ethylene 
curve is more than 400 bars higher than ethane curve. Reason for such behavior is 
strong quadrupole solvent characteristic of ethylene due to presence of a double bond. 
These quadrupole interactions favor ethylene-ethylene bond rather than non-polar PE-
ethylene bond. With the increase in system temperature, quadrupole ethylene-ethylene 
bond strength decrease which results in pressure drop in PE-ethylene cloud point 
curve, as described in Equation 3. The location of the ethane and ethylene curves is 
intimately related to the balance of polymer segment-solvent energetic interactions 
since these two solvents have similar densities at their respective cloud point 
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conditions. The double bond, quadrupolar effect is decrease in propylene and butane 
because the quadrupole moment is spread over much larger volume in comparison to 
ethylene case, which weakens the quadrupole effectiveness by a factor of molar 
volume (𝑣𝑖
−
5
6) (Ehrlich et al., 1963) (Lee et al., 1994). 
Similarly, propylene curve is ∼30 bar higher in pressure than the propane curve. 
Similarly, polar butene-butene bond cause a minor effect on phase behavior of PE in 
1-butene and 2-trans-butene. At temperature around 353 K, PE-1-butene curve is ∼50 
bars greater in pressures than the 2-trans-butene curve. This difference is due to those 
polar butene-butene interactions as 2-trans-butene is less polar than 1-butene. That 
difference is notable at low temperatures, because difference between components 
intermolecular potential energy in a solution makes interchangeable energy very 
sensitive that can cause non-polarity in PE. Generally, in a solution consisting of one 
polar and other non-polar component, with decreasing value of temperature, cloud 
point curve of that system will exhibit a negative slope. That means even with 
decreasing value of temperature (x-axis), pressure values increase (y-axis). (Whaley 
et al., 1997) 
For other systems showing LCST behavior, effect of solvent on cloud point temperature 
is presented below in Figure 20. 
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Figure 20. Effect of different solvents (hexane, heptane, and octane) on the cloud-point 
temperatures of poly-(ethylene-octene) (Mn) 33 000 (g/mol) and (Mw) 124 000 (g/mol) at a constant 
pressure of 30 bars. (Jog et al., 1996) 
It can be seen in figure 20 that all of these systems show lower critical solution 
temperature (LCST) behavior. In systems showing LCST behavior, the solution splits 
into two phases at higher temperatures and becomes one phase at lower temperatures. 
A higher LST means a smaller region of L-L immiscibility. So a solvent with a higher 
LST with LLDPE is a better solvent for LLDPE. According to (de Loos et al., 1996), with 
every addition of CH2-group, there is an increase in LST by ±43 K. This explains how 
increasing molar mass influence the LST. Figure 20 gives comprehensive information 
that with increasing molar mass of solvent, solubility of polymer in solvents increase, 
which reduces the density difference and tends to lower the cloud point pressure 
values. Another comparison with different solvents is presented in chapter 3.6. 
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Figure 21. PE-hexane system with cloud point data at constant pressure (isobaric) from SAFT and 
experimental points. (Jog et al., 2002) 
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Figure 22. PE-hexane system with cloud point data at constant temperature (isothermal) from SAFT 
and experimental points. (Jog et al., 2002) 
Similarly, Figure 21 and 22 shows cloud point curves at constant pressure and 
temperature for LLDPE + n-hexane system.  
3.3. Effect of Molecular Weight distribution 
3.3.1 Effect on cloud point pressure 
Effect of molecular weight on cloud point pressure in polymer-solvent system is 
presented in figure 25.  Figure 25 shows a polyisobutylene-butane system.  
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Figure 23. Molecular weight average (MW) effect on cloud point for polyisobutylene-butane system. 
The polymer concentration is ∼5 wt % in each case. (zeman et al., 1972) 
The LCST curve becomes less sensitive to MW when MW of the polymer exceed a few 
hundred thousand and this MW value vary differently for different polymer-solvent 
systems. For example in Figure 23, at 423 K the cloud point pressure increase by ∼100 
bar as MW increases from 6000 (g/mol) to 700,000(g/mol); it increases again by ∼30 
bar as the MW increases from 700,000(g/mol)  to 1,700,000(g/mol). This will help to 
understand how after some specific MW value, LCST curve becomes less sensitive to 
MW of the polymer in polymer-solvent system. (Zeman et al., 1972) 
Similar is the case for the PE-ethylene system when MW exceeds 100,000, change in 
LCST curve becomes far less noticeable. At 423 K the cloud point value increases by 
300 bar with increase in MW from 3700(g/mol) to 9200(g/mol). And when MW increase 
from 9200(g/mol) to 55000(g/mol) cloud point increases by 300 bar again. A 
contradiction comes when MW increases from 55000 to 118000. During this increase 
in MW, cloud point pressure increases only by 100 bar. (de Loos et al., 1983) 
3.3.2 Effect on cloud point temperature 
Cloud point temperature is also effected by MW of the polymer. Figure 24 shows 
poly(ethylene-octene) (Mn 33000 (g/mol) and Mw 124000 (g/mol)) and heptane system 
at fixed pressure 50 bar.  
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Figure 24. Effect of molecular weight at constant polymer concentration on the cloud-point 
temperature of the poly(ethyleneoctene) (Mn= 33 000 g/mol) and (Mw= 124 000 g/mol) + heptane 
system at P= 5 MPa from experiment points and SAFT (Jog et al., 2002) 
The SAFT (statistical associating fluid theory) results shows in Figure 24 that the cloud 
point temperature is decreased with increasing MW until it reaches a level of high 
enough MW. In SAFT calculations, a monodispersed polymer is used with different 
values of MW, where as in experimental calculations polydispersed samples are utilized 
and a polydispersity index (PDI) is obtained at different data points. So polydispersity 
is partly responsible for difference in SAFT and experimental points. (Jog et al., 2002) 
PE-pentane system shows a decrease in temperature with increase in MW. When MW 
is increased from 34900(g/mol) to 97200(g/mol), the LSCT of PE-pentane systems 
decreases from 433 K to 422 K. Similarly when MW increased further to 204900(g/mol), 
this time temperature is decreased to 418 K and it only decrease to 414 K with further 
increase in MW up to 442100(g/mol). So this explains how temperature is effected by 
different ranges of MW. (Hamada et al., 1973) 
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3.4. Effect of polydispersity 
The ratio 
Weight average molecular weight (𝑀𝑤)
Number average molecular weight (Mn)
 called the polydispersity index (PDI) (also 
known as heterogeneity index and dispersity index) and is an indication of the 
broadness of molecular weight distribution. As PDI increases, MWD broadens. For 
polyethylene produced with transition metal catalysts, largely the catalyst employed 
dictates MWD shown in Figure 25. Polydispersities typically range from 2-3 for 
polyethylene made with single site catalysts, 4-6 for polymer produced with Ziegler-
Natta catalysts and 8-20 for polyethylene made with supporting chromium catalysts. 
These distributions are said to be unimodal. (Malpass, 2010) 
 
Figure 25. MWD of polyethylene from transition metal catalyst. (Kirk-Othmer, 2006) 
According to isothermal cloud point data, with the decrease in concentration, cloud 
point, pressure increases. But SAFT calculation shows as the polymer concentration 
decreases below the critical concentration (depends upon MW of polymer), pressure at 
the intercept of the two-phase equilibrium decreases. A shadow curve represents the 
monodisperse case. A P-X diagram (Figure 26) shows the result of these calculations. 
The polydispersity of the polymer explains the behavior of the cloud-point curve at low 
polymer concentrations. (Jog et al., 2002) 
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Figure 26. SAFT and experimental points data representing cloud and shadow curves for 
poly(ethyleneoctene) system at 450 K temperature. (Jog et al., 2002) 
Figure 26 shows measured data for monodisperse and polydisperse polymer systems. 
It can be seen from Figure 26, at cloud point, dotted curve represents the composition 
of an emerging phase and interestingly at polymer weight fraction of about 3.73 %, a 
three phase LLL equilibrium point appears. This appearance of three-phase point 
indicates the inconsistencies in cloud point pressure measurements with increasing or 
decreasing values of polymer concentration. (Jog et al., 2002) 
3.5. Effect of Pressure 
Miscibility in liquid mixtures can be affected by pressure applied to the system. This 
study tries to explain that effect with one of the experimental example available in 
literature. The pressure effect is directly related to volume change during mixing 
(excess volume of mixing VE) at fixed temperature and composition values. Solubility 
of polymer in solvents at various pressure trends depends upon VE values. Therefore, 
with increasing pressure, if VE value is positive it will cause a decrease in solubility 
whereas, with increasing pressure, if VE value becomes negative solubility increases. 
(Prausnitz et al., 1999) 
Difference in intermolecular forces between polymer and solvent is a major reason for 
UCST phase separation in polymer-solvent mixture. Based on experimental findings, 
pressure can affect the UCST curve in compliance to positive or negative values of VE. 
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The LCST, in comparison to UCST, mainly affected by the free volume differences 
between the polymer and the solvent. Main concept behind this statement is that the 
expansion of the solvent in comparison to polymer especially when temperature is quite 
close to critical temperature of the solvent. As it is common knowledge that the solvent 
is more compressible than the polymer, therefore, by increasing the pressure the 
difference in free volume can decrease and decrease the possibility of achieving partial 
miscibility at constant temperature i.e. rise in the LCST curve. (Zeman et al., 1972) 
One experimental case study is discussed here, involving polystyrene (PS) and 
acetone system. The systems examined in this study, the type of phase separation they 
exhibit, and the temperature range of the available experimental data are listed in Table 
2. 
Table 2. Polystyrene/acetone system LLE experimental data. (Pappa et al., 2001) 
System Mw/Mn Pressure(bar) LLE type T range (K) Data used for 
PS/acetone <1.06 1 hourglass 284.2-413.3 Correlation 
  20 UCST,LCST 288.1-407.7 Prediction 
  50 UCST,LCST 283.4-427.8 Prediction 
  100 UCST,LCST 276.1-455.0 Prediction 
 
It can be seen from experimental data available from Table 2; an hourglass behavior 
can be observed for such partially miscible system for all temperatures at atmospheric 
pressure value, shown in Figure 27. Now by increasing the pressure a complete 
miscible region is obtained in such system at intermediate values of temperatures. Such 
behavior is UCST and LCST behavior. The equation of states (EoS) model is utilized 
to measure the difference in free volume in solvents. This model yields negative VE and 
try to predict the increasing miscibility with pressure.  Results are presented in Figure 
27 with remarkably accurate predictions of pressure effect where deviation for UCST 
and LCST is less than 5K temperature at highest pressure of 100 bars. (Pappa et al., 
2001) 
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Figure 27. For PS/acetone system, experimental results of pressure effect on LLE. (Pappa et al., 
2001) 
As experiments show, the pressure effect is more noticeable on the LCST than on the 
UCST. (Patterson, 1969)  
3.6. Effect of components weight fractions 
The effect of component weight fraction changes to the cloud and bubble point lines 
was studied for polymers. When the polymer, monomer and co-monomer weight 
fractions increase, the cloud point lines shifts to higher temperatures and lower 
pressures (Lönnqvist, 2016). First, we will discuss the effect of 1-butene and 1-hexene 
as solvent on cloud point pressure values. Figure 28, represents the cloud point 
pressure values for propylene, 1-butene and 1-hexene. 
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Figure 28. Pressure-temperature cloud-point curves for poly (ethylene-propylene) 26K (PEP26K) in 
propylene (W2=15.1 wt. %), in 1-butene (W2=16.0 wt. %), and in 1-hexene (W2=15.0 wt. %). Open 
circles indicate a dew-point-like phase boundary while filled circles indicate a bubble-point-like phase 
boundary and triangles indicate a two-to-three phase boundary. The heavy lines are the vapor 
pressure curves of the solvents (Chen & Radosz, 1992). 
It can be seen in figure 28, in binary systems like this, different solvents shift the cloud 
point values depending upon their molar mass. As the molar mass of propylene is lower 
than 1-butene and 1-hexene, it tends to exhibits highest cloud point pressure values. 
Experimental data obtained from (Chen & Radosz. 1992) in case of 1-butene and 1-
hexene as solvent is presented in table 3 and 4. Data comparison presented in figure 
2 helps to understand the effect of the molar mass of the solvents. 
Table 3. Measurement results for poly (ethylene-propylene) 26K (PEP26K) 16 wt % + 1-butene 84 
wt % (Chen & Radosz, 1992). 
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Table 4. Measurement results for poly (ethylene-propylene) 26K (PEP26K) 16 wt % + 1-hexene 84 
wt % (Chen & Radosz, 1992). 
 
 
Figure 29. Cloud point curves for PEP26K (16 wt %) in 1-butene and 1-hexene (Chen & Radosz, 
1992). 
In figure 29, at 200 °C, cloud point values for both cases shows a large difference of 
approximately 190 bars. So we can conclude from this discussion that 1-butene having 
lower molar mass shift the cloud point pressure to higher values in comparison to 1-
hexene which has lower molar mass.  It is also interesting to see how the concentration 
of solvent effect the phase behavior with the same concentration of polymer in the 
system. Figure 30 explain such a behavior. 
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Figure 30. Experimental and theoretical P-T phase boundaries for PEP96K (15 wt %) + propylene + 
1-butene (Chen et al., 1992). 
From figure 30, in the absence of 1-butene, the UCST and LCST curves merge. As 
concentration of 1-butene increase, phase boundary shift to lower pressure and higher 
temperature values. For 65 wt % 1-butene in the system, UCST and LCST curves 
separate. This kind of behavior is also observed with n-hexane and 1-octene. With the 
increase of solvent concentrations in the system tends to lower the cloud point pressure 
values (Chen et al., 1992). 
Polymer solution phase behavior strongly depends on both free-volume and energetic 
contributions of the constituent components. As temperature increases, especially near 
the solvent critical point, polymer solutions exhibit liquid-liquid immiscibility that is due 
mainly to large density difference between the polymer molecules and the solvent 
molecules. Table 5, gives the critical temperature for such constituting components 
used in experimental work (Chen et al., 1992). 
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Table 5. Pure component critical temperatures (Chen et al., 1992). 
 
1-butene shifts the phase boundary to lower pressure values in comparison to 
propylene, as density and critical temperature of 1-butene is higher than propylene. 
Similarly, for 1-hexene and 1-butene case where 1-hexene have higher values for 
critical temperature and pressure (Chen et al., 1992). 
As we know in binary (1-butene + PEP26K), (1-hexene + PEP26K) systems, with 
increasing concentration of 1-butene or 1-hexene, polymer solubility increases and that 
tends to shift the cloud point values to lower pressure values and higher temperatures. 
But in ternary systems where ethylene is also included which acts as powerful 
antisolvent, causes the phase boundary shifts to higher pressure values. Ethylene, as 
antisolvent drastically reduce the polymer + solvent density. This leads to the shift of 
phase boundary to a higher pressure values. As 1-butene is lower molar mass solvent 
and have lower critical temperature value in comparison to 1-hexene, ethylene effect 
on 1-butene + polymer system is higher. Figure 31 and 32 shows the effect of ethylene 
on 1-butene and 1-hexene systems (Chen et al., 1992). 
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Figure 31. Experimental and SAFT P-T phase boundaries for PEP26K + 1-butene + ethylene at 
different ethylene concentrations (Chen et al., 1992). 
 
Figure 32. Experimental and SAFT P-T phase boundaries for PEP26K + 1-hexene + ethylene at 
different ethylene concentrations (Chen et al., 1992). 
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From figure 31, addition of about 10 wt % of ethylene can increase the cloud point 
pressure by as much as 100 bars. So for every wt % increase of ethylene in 1-butene 
+ polymer system, can cause an increase of 10 bar in cloud point pressure (Chen et 
al., 1992). From experimental data in (Chen et al., 1992), a comparison is done to 
measure the effect of ethylene in two (1-butene & 1-hexene) different systems. Table 
6 & 7, represent those temperature and pressure values.  
Table 6. Measurement results for poly (ethylene-propylene) 26K (PEP26K) 16.2 wt % + 1-butene 72.1 
wt % system containing ethylene 11.7 wt % (Chen et al., 1992). 
 
Table 7. Measurement results for poly (ethylene-propylene) 26K (PEP26K) 15.8 wt % + 1-butene 72 
wt % system containing ethylene 12.2 wt % (Chen et al., 1992). 
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Figure 33. Cloud point curves for PEP26K (16 wt %) in 1-butene and 1-hexene containing ethylene 
11.7 and 12.2 wt % respectively (Chen et al., 1992). 
 In figure 33, as we can see at 200 °C cloud point difference is 196.5 bars, even though 
the ethylene concentration in 1-hexene system is higher that of 1-butene system. 
Ethylene tends to shift the cloud point to higher values. But it strongly depends upon 
the solvents in the system. 1-butene with lower molar mass and critical temperature 
values, shows drastic reduction in solubility of polymer in comparison to 1-hexene. In a 
similar way, we have concluded from experimental data available in (Nagy et al., 2006), 
for LLDPE and n-hexane system, with every wt % of ethylene, cloud point pressure 
increase approximately 7.5 to 10 bars (Nagy et al., 2006). So cloud point shifts to higher 
values with lower molar mass solvents and effects of ethylene depends on the solvent 
used in the system. As 1-butene shows higher cloud point values in comparison to 1-
hexene even though the ethylene concentration is lower in 1-butene case.  
Similarly, in case of LLDPE and n-alkane systems, phase behavior is characterized by 
lower solution temperature (LST) and upper solution pressure. Table 8 represents 
experimental data for n-butane, n-hexane and n-octane and figure 34 represents 
isobaric cloud point curves for n-alkanes + LLDPE system. 
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Table 8. Temperature values at different weight fraction of n-alkanes in LLDPE. This data is obtained 
from (de Loos et al., 1996). 
 
 
 
Figure 34. Isobaric cloud point curves for LLDPE + n-alkanes at approximately P= 30 bar (de Loos et 
al., 1996). 
Figure 34 shows with increasing solvent molar mass, LST increases. A higher LST 
means a smaller region of L-L immiscibility. So a solvent with a higher LST with LLDPE 
is a better solvent for LLDPE. According to (de Loos et al., 1996), with every addition 
of CH2-group, there is an increase in LST by ±43 K. This explains how increasing molar 
mass influence the LST. Figure 34 gives comprehensive information that with 
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increasing molar mass of solvent, solubility of polymer in solvents increase, which 
reduces the density difference and tends to lower the cloud point pressure values. 
In Cameron (2016), he also shows the effect of components on cloud point values. 
According to Cameron (2016), increasing polymer concentration was found to increase 
the solubility of the polymer. And also with increasing differences between the polymer 
and solvent in properties such as molar mass and density was found to decrease 
polymer solubility, for example, increasing the concentration of lower molar mass 
components such as ethylene and 1-butene. One of such example is mentioned below 
to have a better understanding how the concentration of solvent and comonomer affect 
the cloud point values. 
Two experiments are done for a same polymer grade with multicomponent systems 
containing n-hexane cut, ethylene and C4 comonomer.  
Table 9. Measurement results for PE + multicomponent system containing 17.7 m-% polymer and 2.3 
m-% ethylene (Cameron, 2016). 
 
Table 10. Measurement results for PE + multicomponent system containing 17.4 m-% polymer and 
3.5 m-% ethylene (Cameron, 2016). 
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Figure 35. Measured vapor pressures and cloud points for the 17.7 m-% and 17.4 m-% PE and 
multicomponent systems. Green squares represents system with 2.3 m-% of ethylene and higher 1-
butene and butane concentration. Red circles represents the system with 3.5 m-% ethylene and lower 
1-butene and butane concentration (Cameron, 2016) 
In figure 35, measurement results clearly show a considerable difference in cloud point 
pressures between the measurements, even though the difference between the 
polymer concentrations in both systems is 0.3 m-%. The difference between ethylene 
weight fractions in 2 experiments is only 1 wt %, the cloud point pressure difference is 
almost 45 bars. This is likely caused by the difference in the overall composition of the 
systems, as system the 17.4 m-% system has a larger concentration of 1-butene, 
butane and ethylene. This results in an increased difference in size and density 
between the polymer and solvent mixture, and reduces the solubility of the polymer 
shifting cloud points to higher pressures and lower temperatures.  
 
3.7. Summary  
This chapter discuss the cloud point in general and how different factors can affect the 
cloud point temperature and pressure. 
Section 3.1 explained that the cloud point temperature increased in isobaric conditions 
when the alkane/alkene chain length increased or when the weight fraction of the 
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polymer in the solution increased. For the higher density polymers, the cloud point 
temperature is lower than that for low density polymers.  
In section 3.2, polymer solubility and effect of solvent quality is discussed. In the sub-
critical pressure, solubility increases with increasing temperature and decreasing 
pressure. In the super-critical pressure range, solubility always increases with 
increasing pressure.  
Section 3.3 explained the effects of molecular weight on cloud point temperature and 
pressure. With increase in MW of the polymer, polymer solubility increase in polymer 
solutions. Therefore, the polymer MW have directly proportional effect on UCST and 
inversely proportional effect on LCST by decreasing overall temperature of limited 
miscibility region.  
Section 3.4 discuss the polydispersity of the polymer and it explains the behavior of the 
cloud-point curve at low polymer concentrations. At higher polymer concentrations, 
cloud point values decrease for both monodisperse and polydisperse polymer system. 
At lower polymer concentration, a three phase LLL equilibrium point appears. This 
appearance of three-phase point indicates the inconsistencies in cloud point pressure 
measurements with increasing or decreasing values of polymer concentration. 
Section 3.5 briefly discuss how miscibility in liquid mixtures can be affected by the 
pressure. The pressure effect is directly related to volume change during mixing 
(excess volume of mixing VE) at fixed temperature and composition values. Solubility 
of polymer in solvents at various pressure trends depends upon VE values. Therefore, 
with increasing pressure, if VE value is positive it will cause a decrease in solubility 
whereas, with increasing pressure, if VE value becomes negative solubility increases.  
Section 3.6 explained shift in cloud point pressure and temperature measurements with 
increasing or decreasing values of different components (Ethylene, butane, 1-butene, 
iso-octane and 1-octene). And also with increasing differences between the polymer 
and solvent in properties such as molar mass and density was found to decrease 
polymer solubility, for example, increasing the concentration of lower molar mass 
components such as ethylene and 1-butene. Effect of ethylene as antisolvent in with 
different comonomer (1-butene and 1-octene) is also discussed. 
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Experimental part 
4. Experimental material and apparatus 
Goal of this experimental work is to determine cloud and bubble points for LLDPE in 
different solvent systems. Apparatus used in these experiments previously used by 
Tom Cameron (Cameron, 2016).  
Table 11. Chemical components utilized during the experimental work. 
Component Purity Supplier 
n-hexane ≥99% Sigma-Aldrich 
2-methyl-pentane ≥99% Sigma-Aldrich 
3-methyl-pentane ≥99% Sigma-Aldrich 
Methyl-cyclo-pentane 97 % Sigma-Aldrich 
1-octene 98 % Sigma-Aldrich 
Iso-octane 99.8% Sigma-Aldrich 
n-butane 99.95 % AGA AB 
1-butene 99.4% AGA AB 
Ethylene 99.95 % AGA AB 
Nitrogen  AGA AB 
 
Two types of systems are observed in these experiments based on these chemicals. 
PE and n-hexane solvent (called as hexane-cut or C6) system with ethylene and 1-
butene+ 1-butane mixture (C4 mixture) whereas second system composed of PE and 
C6 with ethylene, C4 and 1-octene/iso-octane (called as C8).  
Figure 36 shows the variable volume cell, which is utilized in these experiments to 
determine cloud and bubble points. 
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Figure 36. Variable volume cell (Cameron, 2016)  
a: Variable volume cell valve 
b: Pressure transducer 
c: Magnetic mixer  
This cylindrical shaped sapphire glass tube is covered with titanium caps (supported 
with 3 titanium rods) and the whole structure is sealed with graphite seals. Pressure in 
the cell is controlled with hydraulic oil which is pumped into the cell with the help of a 
positive displacement pump. That hydraulic oil moves the sealed piston in the cell and 
the sealing also prevent the mixing of experimental mixture and the hydraulic oil. Mixing 
of solution in cell is done with a small magnetic mixer.  
Gas chromatograph oven (5890 series II plus) is used to heat up the cell. Temperature 
values are measured by F200 Tempcontrol. Temperature is measured from the top cap 
of volume cell. Kulite Semiconductor XTEH pressure transducer measures the 
pressure inside the cell and Omrom K3GN-PDC-FLK DC24V digital panel meter display 
those values. Figure 37 shows apparatus used in this experiment.  
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Figure 37. Experimental Apparatus 
1: Variable volume cell 
2: Gas chromatograph oven 
3: Magnetic mixer 
4: Positive displacement pump 
5: Pressure regulator (Manual) 
6: Temperature measuring knob 
7: Motor for mixer 
8: Safety valve 
9: Hydraulic oil reservoir 
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5. Calibration 
Temperature and pressure measuring instruments are calibrated before the 
experiments and for the system, calibration is done with the help of these instruments. 
For temperature, model CTR-2000-024 is used which is calibrated at Mikes. 
Temperature calibration equation is developed to measure corrected temperature value 
for pressure tests and actual tests. 
𝑇𝐶𝑎𝑙𝑖.𝐹𝑢𝑛𝑐 = 2.00E-06𝑇𝐷𝑖𝑠𝑝𝑙𝑎𝑦
2 + 0.9996𝑇𝐷𝑖𝑠𝑝𝑙𝑎𝑦 + 0.0246                                                        7                      
Temperature sensor calibration results are presented in Appendix 1. Using calibration 
function in Equation 7, any calibrated temperature value can be obtained at any 
temperature.  
The calibration pressure sensor was manufactured by Beamex (external pressure 
module and MC2-PE output indicator) and had a range of 0 to 600 bars with maximum 
pressure 900 bar. The calibration in this work was conducted up to a pressure of 100 
bar (opening pressure of the safety valve) at several temperatures. The temperature 
was raised from room temperature to around 50 °C and with 50 °C increment each time 
overall temperature is raised to 250 °C. The pressure was first set to near 100 bar and 
then gradually lowered about 10 bars at the time to near atmospheric pressure. 
Nitrogen gas was used as a pressure calibration gas. 
The results of the pressure calibration are presented also in Appendix 1. A slope and 
intercept were calculated at each calibrated temperature. From display pressure value 
of system and pressure value of the calibration meter, different values of slope and 
intercept are obtained. With calibrated temperature values and set of slope, intercept 
values equations are obtained which will be used to calculate slope and intercept value 
at any temperature and pressure values. The temperature dependence of the slope 
and the intercept are presented in Equations 8 and 9. By utilizing these values a 
pressure calibration line could be generated and this pressure calibration equation is 
shown in Equation 10: 
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𝑎𝑠𝑙𝑜𝑝𝑒 = 1𝐸 − 06𝑇𝐶𝑎𝑙𝑖.
2 − 0.0005𝑇𝐶𝑎𝑙𝑖. + 1.0442                                                                             8 
𝑏𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 9𝐸 − 07𝑇𝐶𝑎𝑙𝑖.
3 − 0.0003𝑇𝐶𝑎𝑙𝑖.
2 + 0.025𝑇𝐶𝑎𝑙𝑖. + 2.1477                                               9 
𝑃𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 = 𝑎𝑆𝑙𝑜𝑝𝑒𝑃𝐷𝑖𝑠𝑝𝑙𝑎𝑦 − 𝑏𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡                                                                                                  10  
PCalibrated = Calibrated pressure value (bar) 
PDisplay = Display pressure value of system (bar) 
bIntercept = Intercept value temperature dependence curve  
aSlope= Slope value temperature dependence curve 
TCali. = Calibrated temperature value ℃ 
Because of some experimental challenges a few more round of calibrations were done. 
Challenges are discussed in chapter 7 in this work. Temperature and pressure 
calibration functions are developed in similar way. Those values are also presented in 
Appendix 1. Deviation in calibrated and experimental pressure and temperature values 
are also discussed in chapter 8. 
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6. Experimental procedure 
These experiments are done with specified mass fractions of the polymer and other 
components based on that polymer amount are calculated with respect to specific mass 
fractions to achieve a certain composition. After calculating the desired mass fractions 
of each component, polymer pellets are inserted into the cell. Other liquid components 
e.g. solvent and C8 mixture is first degassed as shown in Figure 38. 
 
Figure 38 Degassing unit 
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Degassing removes dissolved air in liquid components, which can affect the cloud point 
pressure and temperature. Liquid composition is analyzed by using gas 
chromatography. Cell with polymer pellets is weighted before addition of any other 
component and then evacuated with a vacuum pump to remove any air from the 
system. This vacuum also helps to feed in the liquid mixtures from top valve of the cell. 
An appropriate amount of the liquid solvent mixture was weighed into the cell to achieve 
the desired overall composition. Lastly, calculated amounts of gas components, if 
included in the system to be investigated, were weighed into the cell through the top 
valve. 
Cell is inserted into the oven and heated to desired temperature value under mixing for 
about 30 minutes to achieve thermodynamic equilibrium in the system. System mixing 
time is suggested in Cameron (2016) and it is sufficient to achieve thermodynamic 
equilibrium in system.  
The cell was heated to the desired temperature under mixing, and left for at least 30 
minutes to achieve thermodynamic equilibrium. Bubble point vapor pressure was 
usually recorded at this point, and all vapor pressures measured for the mixtures in this 
work are bubble point pressures. As some settling time (∼ 30 minutes) was required for 
achieving thermodynamic equilibrium at each measurement, vapor pressures were not 
recorded at all of the measurement points due to time constraints, and the system was 
desired to be kept in a liquid or liquid-liquid state throughout most of the measurements. 
After the initial vapor pressure measurement, the mixture was observed visually 
through a window in the oven. 
When mixture becomes visually a little clouded, implying a second liquid phase at that 
point, pressure is increased to achieve a homogenous clear solution inside the cell. 
Then this mixture is again left for about 30 minutes to achieve equilibrium. After almost 
30 minutes, pressure is then lowered slowly and mixture again start to become slightly 
turbid. This is the indication of second phase and the point at which such turbidity 
appeared for the first time recorded as cloud point. To confirm the behavior pressure is 
lowered more until solution become fully clouded. A new temperature value is set and 
this procedure is repeated again to get another cloud point value. All observations in 
this experiment is done on visual bases.  
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Complete mixing of the system was determined to be imperative for achieving 
equilibrium in the system, as especially with higher polymer concentrations the mixture 
was quite viscous. To assure complete mixing the amount of sample was matched with 
the stirrer height. The height of the sample in the cell was calculated beforehand for 
every experiment from the overall system composition and component masses using 
approximate component densities and volume of the cell. The amount of sample was 
adjusted to match or just slightly exceed the height of the stirrer at the lowest 
temperature of the measurement range. 
7. Challenges in experimental work 
Several challenges were encountered while conducting the experiments. Proper 
sealing of the cell during measurements proved to be a considerable issue, as pressure 
leakage due to O-ring failure was experienced several times during the experiments. 
Similarly sealing of piston rod was another major challenge. Due to movement and high 
temperature pressure conditions these small rings can easily rupture and had to be 
changed during the experiments.  
Another challenge during experiments was experienced with mixing. Proper mixing was 
considered essential for achieving thermodynamic equilibrium, and increasing viscosity 
in the systems caused the mixing to become less effective resulting in possible 
concentration gradients inside the cell. If the system was not completely mixed, a lower 
viscosity phase could start forming at the top of the cell, and this phase would be very 
hard to mix into the lower phase, as mass transfer at the phase interface was 
presumably very slow. Several experiments are conducted with beforehand calculated 
amounts of sample to roughly match the height of the stirrer at the lowest measurement 
temperature, in order to assure complete mixing of the system.  
The biggest challenge in experimental work was failure of pressure value display unit. 
This problem consumed a great amount of time. In last, observation accuracy of the 
cloud points was source of uncertainty as observations were done purely visually. As 
visual observations can depend on the volume and shape of the vessel, the background 
color behind this vessel, and room illumination, along with human errors made by the 
operator. The observation window and lighting of the cell were adjusted, as best seen 
fit under the circumstances of these experiments, and were kept the same throughout 
the experiments in order to keep measurement results coherent. 
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8. Experimental results 
Measurements were conducted with six different types of industrial LLDPE, designated 
PE-1, PE-2, PE-3, PE-4, PE-5, and PE-6 in this work. Measurements were conducted 
in simple multicomponent systems and more complex multicomponent systems. 
Experiments with PE-1 were conducted in multicomponent mixtures with the hexane-
cut solvent, ethylene monomer, 1-butene comonomer, and butane. More complex 
multicomponent also included 1-octene comonomer, and Iso-octane. PE-2, PE-3, PE-
4, PE-5, and PE-6 were investigated in multicomponent mixtures with the hexane-cut 
solvent, ethylene monomer, 1-butene comonomer, and butane.  
Uncertainty in the experiments comes from mass measurements when loading the cell, 
temperature and pressure measurements, and visual observation accuracy of the cloud 
points. The accuracy of the scale used when loading the cell is 0.0001 g, but with such 
accuracy the scale measurements took some time to stabilize, and the final digit would 
often change slightly back and forth over a range of approximately 0.0005 – 0.0010 g. 
The uncertainty for the mass measurements could thus be evaluated as ± 0.001 g. 
Mass fraction uncertainty is presumably larger in the complex multicomponent systems, 
as more mass measurements needed to be made for these systems. Mass fraction 
uncertainty for a single experiment can be calculated by multiplying the mass 
measurement uncertainty (0.001 g) by the number of components (number of mass 
measurements), and then dividing by the total mass of the system (the sum of masses 
of the components).  
Temperatures were recorded with 0.1 ℃ accuracy. However, the temperature 
measurement probe is actually situated inside the top titanium end, and not in the cell 
itself. When warming the cell, temperature inside the cell lagged slightly behind the 
temperature of the titanium end shown in the measurement. This was another reason 
to let the cell properly stabilize in the measurement temperature in order to eliminate 
possible temperature differences between the inside of the cell and the titanium end 
measured by the sensor. Temperature measurement uncertainty was estimated to be 
approximately ± 0.5 ℃. 
Pressure measurements were recorded at 0.01 bar accuracy. Some uncertainty results 
from having to apply a correction to the pressure measurement dependent on the 
measurement temperature. Pressure measurement uncertainty was estimated to be 
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approximately ± 0.05 bar. The biggest source of uncertainty in the measurements was 
the observation accuracy of the cloud points. The clarity of cloud point observations 
varied between experiments, and was usually approximately ± 1.5 – 2 bar. The 
maximum uncertainty of observations was evaluated to be approximately ± 2.5 bar, and 
this value was regarded as the uncertainty estimate. All measured values are given 
with measurement accuracy. Full measurement results with tables and figures for each 
successful measurement instance are available in a supplementary file Appendix 2. 
8.1 Measurements of the multicomponent polymer + hexane 
system 
8.1.1 Measurements with PE-1  
Cloud point measurements are done for 18 batches of multicomponent PE-1 + hexane 
system. PE-1 with different set mass fractions is used with various ratios of n-hexane, 
ethylene, butane and 1-butene. Results are compared for different PE-1+ hexane 
systems with different (15-29 m- %) mass fractions of the polymer. The effect of 
different components in such systems are observed. Two sets of these measurements 
are presented below in Figure 39 and full measurements are available in Appendix 2. 
 
Figure 39 Measured vapor pressures and cloud points for the 22.1 m-% and 28.3 m-% PE-1+n-
hexane system. 
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When the polymer weight fractions increase, the cloud point lines shifts to higher 
temperatures and lower pressures (Lönnqvist, 2016). Difference in cloud point values 
is almost 17 bars shown in figure 39. This difference can be explained with ethylene 
concentration difference between two experiments. Ethylene difference in experiment 
1 and 8 is 2 m-%. As we discussed in section 3.6, 2 m-% of ethylene can cause 
approximately 15 bar in cloud point values. In this comparison, concentration of n-
hexane cut and C4 mixture is higher in experiment (22.1 m-%) in comparison to 
experiment (28.3 m-%). With increasing concentration of solvent and comonomer cloud 
point shift to lower pressure values (Chen & Radosz, 1992). Ethylene, which acts as 
powerful antisolvent, drastically reduce the polymer + solvent density. This leads to the 
shift of phase boundary to a higher pressure values. As 1-butene molar mass is lower 
and it has a lower critical temperature value in comparison to 1-hexene, so ethylene 
effect on 1-butene + polymer system is higher. So, a LCST type phase behavior can 
be observed in this PE-1 + n-hexane system where ethylene and C4 mixture cause a 
larger cloud point difference than solvent and polymer concentration. 
  
 
Figure 40 Measured vapor pressures and cloud points for the 15 m-% and 20.5 m-%, PE-1 + 
hexane system. 
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The same observations can be made here in Figure 40, where ethylene concentration 
difference is 2 m-%. The system has LCST type behavior, and experiment (15 m-%) 
has higher ethylene concentration than experiment (20.5 m-%). In this comparison, 
concentration of n-hexane cut is higher in experiment (15 m-%) and lower in experiment 
(20.5 m-%). Similarly, for concentration of C4 mixture (butane+1-butene), which is 
higher in experiment (20.5 m-%) and lower in experiment (15 m-%). Even with higher 
concentration of ethylene in experiment (15 m-%), the difference between cloud point 
values in both experiments is not that large. So, this comparison shows a similar 
behavior in cloud point pressures, where more m-% of C4 mixture cause higher cloud 
point shift even with lower ethylene concentration.  
Comparison of measurements was also done by gathering results by temperature. 
Cases for such measurements at approximately 190 °C and 210 °C are presented in 
Figure 41. The rest of the results can be found in Appendix 2. 
 
Figure 41 Cloud point measurements for PE-1 + n-hexane systems at approximately 190 °C and 
210 °C. 
Some variance can be seen in these results. Some of this is caused by slight 
temperature differences in the measurements, as actual measurement temperatures 
are not exactly equal. Ethylene quantity in each case is also important. As in Table 8, 
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ethylene quantity kept increasing with mass fraction of polymer, causing the cloud point 
values to increase. PE m-% is also increasing which tends to lower the cloud point 
values even with increasing ethylene concentration. Experiment with 14 m-% of PE 
contains the highest quantity of n-hexane and lowest quantity of C4 mixture and 
ethylene.   
Figure 42 presented another case where ethylene influenced the cloud point values 
along with other components. Two measurements were performed for polymer PE-1 in 
multicomponent systems with approximately 20 m-% polymer concentrations.  
  
 
Figure 42 Measured vapor pressures and cloud points for the 20.2 m-% and 20.5 m-% PE-1 
multicomponent systems. 
In Figure 42 measurement results show a considerably small difference in cloud point 
pressures, even though the difference in ethylene concentration in both experiments is 
large. This is due to a difference in the overall composition of the system components, 
as one of the system (20.5 m- %) has a larger concentration of 1-butene and butane. 
This results in an increased difference in size and density between the polymer and 
solvent mixture, and reduces solubility of the polymer shifting cloud points to higher 
pressures (Cameron, 2016) (de Loos et al., 1996). In experiment (20.5 m-%), the 
concentration of C4 comonomer is 5 m-% higher than experiment (20.2 m-%). So with 
higher quantity of comonomer, cloud point shift to higher pressure values even with 
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small m-% of ethylene in system. Both experiments contains same concentration of n-
hexane cut. As we know, ethylene acts as powerful antisolvent and drastically reduce 
the polymer + solvent density. This leads to the shift of phase boundary to a higher 
pressure value. So for a system containing more quantity of lighter comonomer (C4), 
ethylene can shift the cloud point pressure to higher values in comparison to a system 
containing lower amount of comonomer (C4) (Chen et al., 1992). So this comparison 
shows such a trend where the higher concentration of C4 mixture in experiment (20.5 
m-%) cause a shift of cloud point values to higher pressures.  
8.1.2 Measurements with PE-2  
A single measurement was performed for polymer PE-2 in the multicomponent system 
with a polymer concentration of 20.8 m-%. The measurement results for this system 
are presented in Figure 43. 
 
 
Figure 43 Measured cloud points for the 20.8 m-% PE-2 multicomponent system. 
Figure 44 presents the cloud point measurements for experiment (20.8 m-%), 
compared with (Cameron, 2016) experiment.  
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Figure 44 Measured cloud points for the 18.3 m-% and 20.8 m-%, PE-2 multicomponent systems. 
Figure 44, shows a small difference in cloud point values even concentration of 
ethylene is higher in experiment (20.8 m-%). Difference between cloud point values in 
both experiments is almost 10 bar. In this comparison with ethylene concentration 
difference of 2 m-%, difference in cloud points is small. The reason for such behavior 
is the difference in butane and 1-butene m-% in both cases. 1-butene and butane are 
lighter compounds, and also increase the size and density difference between the 
polymer and solvent resulting in decreased polymer solubility and higher cloud point 
pressures (Cameron, 2016) (de Loos et al., 1996). The difference in butane and 1-
butene concentrations is 4 m-% and concentration of n-hexane cut is same. But in 
experiment (18.3 m-%), cloud point shift to higher values with higher concentration of 
butane and 1-butene even though concentration of ethylene is low in comparison to 
experiment (20.8 m-%). Such trend in cloud point values is already explained in section 
3.6. Polymer mass fraction in experiment (20.8 m-%) is higher, which also tends to 
lower the overall cloud point value. According to (Lönnqvist, 2016) and (de Loos et al., 
1996), when polymer mass fractions increase, the cloud point lines shifts to lower 
pressures values. So overall concentration difference of different components cause 
such behavior.  
8.1.3 Measurements with PE-3  
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A single measurement was performed for polymer PE-3 in the multicomponent system 
with a polymer concentration of 21.2 m-%. The measurement results for this system 
are presented in Figure 45. 
 
 
Figure 45 Measured cloud points for the 21.2 m-% PE-3 multicomponent system. 
Cloud point measurements presented in figure 46 are compared with (Cameron, 2016) 
experiment.  
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Figure 46 Measured cloud points for the 18.9 m-% and 21.2 m-% PE-3 multicomponent systems. 
Figure 46 gives another example where concentration of ethylene shifts the cloud point 
to higher values. The difference in ethylene concentrations in both cases is 4 m-%.  The 
difference in cloud point values is not as high as (Nagy et al., 2006) predicted and it is 
only 16 bars. Reason for such behavior is that the experiment (18.9 m-%) contains 
higher m-% of n-hexane cut and C4 mixture. As discussed in figure 42 & 44, higher m-
% C4 mixture in presence of ethylene tends to shift the cloud point to higher values. 
So, in (18.9 m-%), cloud points are at higher values and difference in cloud points 
values with experiment (21.2 m-%) reduce to lower values. This comparison shows a 
similar behavior in cloud point values with difference in overall m-% of different 
components in multicomponent system.  
8.1.4 Measurements with PE-4  
A single measurement was performed for polymer PE-4 in the multicomponent system 
with a polymer concentration of 19 m-%. The measurement results for this system are 
presented in Figure 47. 
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Figure 47 Measured cloud points for the 19 m-% PE-4 multicomponent system. 
 
8.1.5 Measurements with PE-5  
A single measurement was performed for polymer PE-5 in the multicomponent system 
with a polymer concentration of 20 m-%. The measurement results for this system are 
presented in Figure 48. 
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Figure 48 Measured cloud points for the 20 m-% PE-5 multicomponent system. 
8.1.6 Measurements with PE-6  
A single measurement was performed for polymer PE-6 in the multicomponent system 
with a polymer concentration of 19 m-%. The measurement results for this system are 
presented in Figure 49. 
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Figure 49 Measured cloud points for the 19 m-% PE-6 multicomponent system. 
8.1.7 Comparison of multicomponent system 
Since the properties of the polymers used in these experiments are unknown, 
quantitative comparison to data found in literature cannot be done. Additionally, the 
mixture used in the multicomponent systems is comprised of many components, and 
no data on mixtures of this type is readily available. The measured systems to a certain 
extent are in qualitative agreement with the behavior of such polymer solvent systems 
presented in literature. The multicomponent systems can, however, be compared with 
each other. 
Measurements with PE-1, PE-2, PE-3, PE-4, PE-5, and PE-6 were all done in a system 
with the same components, and with polymer concentrations near each other (19-21 
m- %). Overall mixture concentrations vary slightly, but are roughly equivalent in all the 
systems.  
Measured cloud points for the systems are presented in Figure 50, and measured 
bubble points are presented in Figure 51. 
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Figure 50 Measured cloud points for the multicomponent systems with 19-21 m-% polymer 
concentration. 
 
Figure 51 Measured vapor pressures for the multicomponent systems with 19-21 m-% polymer 
concentration. 
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As it can be seen from Figure 50 and 51, the PE-3 system has both the highest cloud 
and vapor point pressures. The reason behind such behavior is overall concentration 
of ethylene in system. PE-2 and PE-3 show a difference in cloud point as ethylene m-
% is different in both cases. The measurements with PE-1, PE-4, PE-5 and PE-6 have 
quite similar cloud point pressures, with PE-5 having the lowest pressures values. PE-
1 system contains highest m-% of butane and 1-butene which cause a shift in cloud 
point values. PE-4 and PE-5 also show a small gap in cloud point pressures. Even 
though concentration of ethylene is same in both systems, polymer concentration is bit 
higher in PE-5 system. Thus cloud point pressure is lower than PE-4 system.  
These cloud results shows that the solvent properties in polymer- solvent systems can 
affect the solubility of the polymer, which can cause changes in cloud point pressures. 
 
8.2 Measurements in multicomponent systems (C8 + C4) 
8.2.1 Comparison of measurements with PE-1 + C8  
In figure 52, measurements were carried out with the polymer PE-1 in multicomponent 
systems containing the hexane-cut solvent, ethylene, 1-octene, iso-octane and 1-
butene. The mixture was meant to emulate properties of a solution polymerization 
mixture.  
Polymer mass fractions from approximately 19 m-% to 21 m-% were considered. Full 
measurement results can be found in Appendix 2. 
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Figure 52 Measured cloud points for the PE-1 multicomponent system containing 19-21 m-% 
polymer. 
This system contains C8 carbon compounds, 1-octene and iso-octane, which are less 
volatile than C4 compounds. Compared to 1-butene and butane, 1-octene and iso-
octane are heavier compounds, and also decrease the size and density difference 
between the polymer and solvent, resulting in increased polymer solubility and lower 
cloud point pressure values (Cameron, 2016) (de Loos et al., 1996). Experiment (21.7 
m-%) show such behavior where concentration of C8 is 0 m-%. Cloud point is shifted 
to higher pressure values. As it can be seen in figure 52, with increasing C8 mass 
fraction cloud point shifts to lower pressure values. In case of experiment (20.5 m-%) 
and (20.1 m-%), where the cloud point values are higher even with lower concentration 
of ethylene. Difference in cloud point values is 4-5 bars. For both experiments, having 
a difference of 3 m-% of ethylene, difference in cloud point values should be higher. 
Reason for such behavior is m-% of C8. Experiment (20.1 m-%) contains more m-% of 
C8 in comparison to experiment (20.5 m-%). For other components like n-hexane cut 
and 1-butene, experiment (20.5 m-%) contains more m-% of both components in 
comparison to experiment (20.1 m-%). Similarly in case of experiment (21.7 m-%) and 
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(21 m-%), only difference in cloud point values is m-% of C8. Ethylene concentration is 
higher in experiment (21 m-%) by 2 m-%. So, even with higher concentration of 
ethylene, cloud point shift to lower value for experiment (21 m-%). As it can be seen 
from the results that the concentration of C8 mainly effect the cloud point values.  
 
8.2.2 Comparison of measurements with PE-1  
Two measurements were performed for polymer PE-1 in multicomponent systems with 
approximately 21 m-% and 21.4 m-% polymer concentrations. 
 
 
Figure 53 Measured cloud points for the PE-1 multicomponent system containing 21 m-% and 21.4 
m-% polymer. 
Figure 53 shows a comparison of two PE-1 + multicomponent systems, without any 
C4 components. The difference in ethylene concentration in both cases is 1 m-% and 
a cloud point difference of 10 bar. Both experiments contains the same m-% of n-
hexane cut and C8 mixture. So cloud point pressure difference is only due to ethylene 
concentration. We have concluded from experimental data available in (Nagy et al., 
2006), for LLDPE and n-hexane system, with every wt % of ethylene, cloud point 
pressure increase approximately 7.5 to 10 bars. So this comparison shows a similar 
behavior in cloud point value that can be predicted with such ethylene concentration.  
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9. Conclusion & suggestions for future work 
LCST behavior was observed in the investigated temperature range. In accordance 
with general findings from other studies, increasing differences between the polymer 
and solvent in properties such as molar mass and density was found to decrease 
polymer solubility. That decrease in polymer solubility was achieved by varying the 
concentrations of some components in the systems, for example increasing the 
concentration of lower molar mass components such as ethylene. However, phase 
behavior of polymer – solvent systems also depend on the properties of the polymer, 
such as molar mass and molar mass distribution, which were unknown in this study. It 
is important to keep in mind, that even though some generalizations can be made, the 
actual phase behavior is always specific for each unique system. 
The effect of different component (Ethylene, butane, 1-butene, iso-octane and 1-
octene) concentrations were also studied in this work. It was detected that the 
component amount in the system had a clear influence on the cloud point pressures 
and temperatures. By increasing the component amount in the system the cloud point 
lines shifted to lower pressures and higher temperatures. However in these studies the 
bubble points did not shift as much as the cloud points by changing the component 
amount. Effect of comonomer on cloud point values was very prominent. Butane and 
1-butene, as comonomer, have lower molar mass and critical temperature values, 
which tends to decrease the polymer solvent solubility. So addition of ethylene as an 
antisolvent, effects the butane and 1-butene system more in comparison to iso-octane 
and 1-octene system. Section 3.6 discuss such behaviors in details.    
The commercial importance of polymers in general will undoubtedly continue to drive 
the research of polymer manufacturing. Phase equilibria knowledge is of the utmost 
importance when developing, improving, and implementing various techniques and 
processes for polymer manufacturing. For the experimental polymer systems in this 
work more experiments could be systematically conducted to obtain phase boundaries 
for a larger range of system compositions (e.g. polymer concentration) in the studied 
temperature and pressure range. The addition of ethylene and/or other components 
could also be systematically investigated for their impact on the phase boundary 
behavior. Modeling of the obtained data could also subsequently be attempted using a 
suitable equation of state. The equipment and procedures used in this work can 
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certainly be used for phase equilibria measurements of a large variety of systems, even 
beyond polymer mixtures. 
In the end, there are few changes that can help the process in terms of measuring the 
cloud point values. First, manual hydraulic pump can be replaced. Size of the cylinder 
can be increased for more quantity of sample. This will make it easier to measure the 
accurate quantities of all the components. Temperature and pressure sensor can be 
connected with automated system to record the values after certain interval of time. All 
these suggestions can improve the efficiency of the process. 
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Appendix 1 
Temperature Calibration: 
M-17T047 
Digital Thermometer F200 
Model: CTR-2000-024 
Calibration date: 02.06.2017 
Calibration 
temperature 
℃ 
Channel 1 
Sensor 
T6172.1 
Channel 1 
Correction for a 
calibrated lamp 
meter ℃ 
Channel 2 
Sensor 
T6172.2 
Channel 2 
Correction for a 
calibrated lamp 
meter ℃ 
Increased 
uncertainty of 
calibration ℃ 
(k=2) 
50.00 50.01 -0.01 50.04 -0.04 0.02 
100.02 100.03 -0.01 100.06 -0.05 0.03 
150.01 150.03 -0.01 150.07 -0.05 0.03 
200.09 200.12 -0.03 200.16 -0.07 0.03 
250.06 250.13 -0.06 250.17 -0.11 0.03 
299.10 299.22 -0.11 299.26 -0.15 0.10 
350.15 350.37 -0.22 350.40 -0.25 0.10 
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Pressure Calibrations: 
First Set 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
21.11 21.13   
Display Pressure 
(bar) 
Calibration 
meter Pressure 
(bar) 
Calibrated 
Pressure (bar) 
Difference between meter 
display & calibrated pressure 
(bar) 
106.80 107.20 107.11 -0.31 
91.30 91.10 90.94 0.36 
81.10 80.30 80.30 0.80 
71.40 70.24 70.18 1.22 
61.50 59.90 59.85 1.65 
52.50 50.46 50.46 2.04 
42.20 39.69 39.71 2.49 
31.10 28.15 28.13 2.97 
21.90 18.52 18.53 3.37 
13.90 10.20 10.18 3.72 
5.10 0.96 1.00 4.10 
Slope Intercept   Average error 
1.04 4.36   2.04 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
50.94 50.95   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between 
meter display & 
calibrated pressure (bar) 
103.40 102.14 101.76 1.64 
93.30 91.62 91.35 1.95 
82.60 80.60 80.32 2.28 
72.50 70.10 69.91 2.59 
62.70 60.00 59.81 2.89 
52.30 49.30 49.10 3.20 
43.50 40.21 40.03 3.47 
33.40 29.80 29.62 3.78 
23.60 19.62 19.52 4.08 
14.50 10.28 10.14 4.36 
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5.50 0.96 0.86 4.64 
Slope Intercept   Average error 
1.03 4.73   3.17 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
101.05 101.06   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between meter 
display & calibrated 
pressure (bar) 
105.00 101.87 100.92 4.08 
91.30 87.81 87.04 4.26 
81.40 77.70 77.01 4.39 
69.70 65.79 65.16 4.54 
59.50 55.38 54.82 4.68 
49.90 44.54 45.10 4.80 
39.80 35.22 34.86 4.94 
31.40 26.73 26.35 5.05 
23.00 18.09 17.84 5.16 
14.00 8.93 8.72 5.28 
6.20 0.96 0.82 5.38 
Slope Intercept   Average error 
1.02 5.48   4.78 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
150.97 150.98   
Display Pressure 
(bar) 
Calibration 
meter Pressure 
(bar) 
Calibrated 
Pressure 
(bar) 
Difference between meter 
display & calibrated pressure 
(bar) 
106.30 102.34 100.47 1.87 
95.90 91.61 90.06 1.55 
88.30 83.86 82.45 1.41 
76.40 71.78 70.54 1.24 
65.00 60.26 59.13 1.13 
56.10 51.21 50.23 0.98 
44.30 39.16 38.42 0.74 
35.10 29.83 29.21 0.62 
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24.40 18.93 18.50 0.43 
14.40 8.77 8.49 0.28 
6.70 0.96 0.79 0.17 
Slope Intercept   Average error 
1.02 5.87   0.95 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
200.63 200.66   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure 
(bar) 
Difference between meter 
display & calibrated pressure 
(bar) 
104.60 100.50 97.74 2.76 
94.90 90.57 88.10 2.47 
84.00 79.47 77.28 2.19 
75.70 70.99 69.03 1.96 
64.90 59.99 58.30 1.69 
56.00 50.89 49.46 1.43 
44.80 39.56 38.33 1.23 
35.60 30.18 29.19 0.99 
26.20 20.60 19.85 0.75 
16.30 10.55 10.02 0.53 
6.90 0.96 0.68 0.28 
Slope Intercept   Average error 
1.02 6.08   1.48 
 
Calibrated 
Temperature ℃ 
Slope Intercept 
21.13 1.04 4.36 
50.95 1.03 4.73 
101.06 1.02 5.48 
150.98 1.02 5.87 
200.66 1.02 6.08 
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Second set 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
25.50 25.49   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between meter 
display & calibrated 
pressure (bar) 
104.3 105.05 105.27 -0.97 
93.8 94.32 94.44 -0.64 
82 82.12 82.27 -0.27 
70.6 70.41 70.52 0.08 
61 60.53 60.62 0.38 
y = 1E-06x2 - 0,0005x + 1,0535
R² = 0,9981
1,01
1,02
1,02
1,03
1,03
1,04
1,04
1,05
1,05
0,00 50,00 100,00 150,00 200,00 250,00
Sl
o
p
e
Temperature ℃
Slope Function
y = -4E-05x2 + 0,0192x + 3,9311
R² = 0,9962
3,00
4,00
5,00
6,00
7,00
0,00 50,00 100,00 150,00 200,00 250,00
In
te
rc
ep
t
Temperature ℃
Intercept Function
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50 49.21 49.28 0.72 
40.3 39.21 39.27 1.03 
31.3 29.91 29.99 1.31 
20.6 18.91 18.96 1.64 
11.2 9.23 9.27 1.93 
3.2 0.98 1.02 2.18 
Slope Intercept   Average error 
1.03 2.30   0.67 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
51.11 51.10   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between 
meter display & 
calibrated pressure (bar) 
103.9 103.89 103.97 -0.07 
90.1 89.74 89.83 0.27 
80.8 80.19 80.30 0.50 
71.4 70.56 70.66 0.74 
60.5 59.43 59.49 1.01 
51.8 50.54 50.58 1.22 
42 40.5 40.53 1.47 
34.8 33.13 33.15 1.65 
21.7 19.71 19.73 1.97 
11.4 9.25 9.17 2.23 
3.4 0.98 0.97 2.43 
Slope Intercept   Average error 
1.02 2.48   1.22 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
101.28 101.28   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between meter 
display & calibrated 
pressure (bar) 
102.9 101.39 102.09 0.81 
91.9 90.22 90.87 1.03 
80.9 79.1 79.65 1.25 
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72 70.06 70.57 1.43 
62.2 60.15 60.57 1.63 
52.5 50.31 50.67 1.83 
42.5 40.19 40.47 2.03 
32.8 30.34 30.58 2.22 
22.5 19.93 20.07 2.43 
12.6 9.94 9.97 2.63 
3.7 0.98 0.89 2.81 
Slope Intercept   Average error 
1.01 2.83   1.83 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
151.41 151.40   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between meter 
display & calibrated 
pressure (bar) 
102.6 100.6 102.06 0.54 
92.4 90.25 91.60 0.80 
82 79.7 80.93 1.07 
71.7 69.28 70.37 1.33 
62.7 60.2 61.14 1.56 
52.3 49.73 50.48 1.82 
41.9 39.22 39.82 2.08 
33 30.25 30.69 2.31 
22.7 19.87 20.13 2.57 
12.4 9.39 9.57 2.83 
4 0.98 0.95 3.05 
Slope Intercept   Average error 
1.01 3.10   1.82 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
201.43 201.40   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between meter 
display & calibrated 
pressure (bar) 
102.5 100.97 103.35 -0.85 
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92.1 90.38 92.53 -0.43 
81.6 79.78 81.60 0.00 
72.5 70.53 72.13 0.37 
62.2 60.04 61.41 0.79 
52.7 50.35 51.53 1.17 
43 40.51 41.43 1.57 
32.8 30.22 30.82 1.98 
23.2 20.46 20.83 2.37 
14.8 11.85 12.09 2.71 
4.1 0.98 0.95 3.15 
Slope Intercept   Average error 
1.02 3.16   1.17 
 
Calibrated 
Temperature ℃ 
Slope Intercept 
201.40 1.02 2.30 
151.40 1.01 2.48 
101.28 1.01 2.83 
51.10 1.02 3.10 
25.49 1.03 3.16 
 
 
 
y = 2E-06x2 - 0,0004x + 1,0401
R² = 0,9941
1,01
1,01
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0,00 50,00 100,00 150,00 200,00 250,00
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Third set 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
24.56 24.55   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between 
meter display & 
calibrated pressure (bar) 
86.3 100.97 100.80 0.17 
79.6 90.48 90.34 0.14 
73 80.05 80.04 0.01 
67 70.74 70.68 0.06 
60.2 60.06 60.07 -0.01 
54.2 50.72 50.71 0.01 
47.7 40.58 40.57 0.01 
41 30.19 30.11 0.08 
34.9 20.72 20.60 0.12 
28.3 10.36 10.30 0.06 
22.3 0.98 0.94 0.04 
Slope Intercept   Average error 
1.56 33.84   0.06 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
50.41 50.40   
y = -2E-05x2 + 0,0104x + 2,0324
R² = 0,9961
0,00
1,00
2,00
3,00
4,00
0,00 50,00 100,00 150,00 200,00 250,00
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Intercept Function
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Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between 
meter display & 
calibrated pressure (bar) 
86.8 100.22 100.02 0.20 
80.3 90.15 89.97 0.18 
74.4 80.89 80.85 0.04 
68 70.99 70.95 0.04 
61.2 60.47 60.44 0.03 
54.9 50.69 50.70 -0.01 
48.2 40.42 40.34 0.08 
41.6 30.21 30.14 0.07 
35.5 20.73 20.71 0.02 
28.7 10.18 10.19 -0.01 
22.7 0.98 0.91 0.07 
Slope Intercept   Average error 
1.55 34.22   0.06 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
99.77 99.76   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between 
meter display & 
calibrated pressure (bar) 
89.1 101.73 101.23 0.50 
81.5 89.99 89.63 0.36 
75.2 80.32 80.01 0.31 
68.7 70.37 70.09 0.28 
62.2 60.53 60.17 0.36 
55.7 50.55 50.25 0.30 
49.2 40.54 40.33 0.21 
42.7 30.67 30.40 0.27 
35.7 19.86 19.72 0.14 
29.6 10.57 10.41 0.16 
23.3 0.98 0.79 0.19 
Slope Intercept   Average error 
1.53 34.73   0.28 
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Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
148.90 148.89   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between 
meter display & 
calibrated pressure (bar) 
89.1 100.53 99.79 0.74 
82.1 89.97 89.17 0.80 
75.9 80.45 79.77 0.68 
69.4 70.54 69.91 0.63 
63.2 61.09 60.51 0.58 
56.4 50.76 50.20 0.56 
49.6 40.4 39.89 0.51 
43.2 30.51 30.18 0.33 
36.6 20.56 20.18 0.38 
30.1 10.52 10.32 0.20 
23.8 0.98 0.77 0.21 
Slope Intercept   Average error 
1.53 35.33   0.51 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃   
197.84 197.82   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between 
meter display & 
calibrated pressure (bar) 
88.9 100.16 98.94 1.22 
82.7 90.63 89.54 1.09 
76 80.45 79.38 1.07 
69.1 69.93 68.92 1.01 
63.1 60.7 59.82 0.88 
56.3 50.35 49.51 0.84 
50.3 41.13 40.42 0.71 
43.1 30.14 29.50 0.64 
36.7 20.33 19.80 0.53 
30.2 10.39 9.94 0.45 
24.1 0.98 0.70 0.28 
Slope Intercept   Average error 
1.53 35.82   0.79 
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Calibrated 
Temperature ℃ 
Slope Intercept 
24.55 1.56 33.84 
50.40 1.55 34.22 
99.76 1.53 34.73 
148.89 1.53 35.33 
197.82 1.53 35.82 
 
 
 
 
Forth Set 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
99.91 99.91   
y = 2,23E-06x2 - 6,76E-04x + 1,58E+00
R² = 9,99E-01
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y = -7,38E-06x2 + 1,30E-02x + 3,35E+01
R² = 9,99E-01
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Intercept Function
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Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between 
meter display & 
calibrated pressure (bar) 
102.3 102.2 102.49 -0.29 
93.8 91.78 92.02 -0.24 
85.7 81.76 82.05 -0.29 
77.5 71.64 71.95 -0.31 
69.4 61.65 61.97 -0.32 
61.2 51.58 51.87 -0.29 
53.2 41.76 42.02 -0.26 
44.7 31.31 31.56 -0.25 
36.4 21.19 21.33 -0.14 
27.4 10.23 10.25 -0.02 
19.9 1 1.02 -0.02 
Slope Intercept   Average error 
1.23 23.52   -0.22 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃   
149.10 149.09   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between meter 
display & calibrated 
pressure (bar) 
103 102.16 102.50 -0.34 
92.9 89.78 90.11 -0.33 
85.9 81.18 81.53 -0.35 
77.1 70.42 70.74 -0.32 
69.1 60.66 60.92 -0.26 
61.4 51.26 51.48 -0.22 
52.5 40.32 40.57 -0.25 
44.2 30.26 30.39 -0.13 
36.7 21.03 21.19 -0.16 
27.9 10.25 10.39 -0.14 
20.3 1 1.07 -0.07 
Slope Intercept   Average error 
1.22 23.85   -0.23 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
101 
 
197.93 197.91   
Display Pressure 
(bar) 
Calibration meter 
Pressure (bar) 
Calibrated 
Pressure (bar) 
Difference between meter 
display & calibrated 
pressure (bar) 
102 100.95 101.33 -0.38 
93.1 89.98 90.36 -0.38 
85.1 80.2 80.51 -0.31 
77.1 70.35 70.65 -0.30 
68.8 60.17 60.43 -0.26 
61.9 51.7 51.93 -0.23 
52.5 40.16 40.35 -0.19 
44.6 30.42 30.62 -0.20 
36 19.91 20.02 -0.11 
28.5 10.57 10.78 -0.21 
20.6 1 1.05 -0.05 
Slope Intercept   Average error 
1.23 24.35   -0.24 
 
Calibrated 
Temperature ℃ 
a_slope b_Intercept 
99.91 1.231 23.57 
149.09 1.226 23.96 
197.91 1.231 24.54 
 
 
 
y = 2E-06x2 - 0,0006x + 1,2711
R² = 1
1,22
1,22
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Fifth Set 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
21.96 21.95   
Display Pressure 
(bar) 
Calibration 
meter Pressure 
(bar) 
Calibrated Pressure 
(bar) 
Difference between meter 
display & calibrated 
pressure (bar) 
78.8 99.16 98.98 0.18 
70.5 88.64 88.54 0.10 
63.1 79.34 79.24 0.10 
54.4 68.42 68.30 0.12 
44.3 55.73 55.60 0.13 
36.1 45.4 45.29 0.11 
27.8 35.06 34.85 0.21 
15.1 19.1 18.88 0.22 
7.8 9.89 9.70 0.19 
0.7 1.01 0.77 0.24 
Slope Intercept   Average error 
1.26 0.11   0.16 
 
y = 4E-05x2 - 0,002x + 23,371
R² = 1
23,40
23,50
23,60
23,70
23,80
23,90
24,00
24,10
24,20
24,30
24,40
0,00 50,00 100,00 150,00 200,00 250,00
In
te
rc
ep
t
Temperature ℃
Intercept
103 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
100.87 100.87   
Display Pressure 
(bar) 
Calibration 
meter Pressure 
(bar) 
Calibrated Pressure 
(bar) 
Difference between meter 
display & calibrated 
pressure (bar) 
82.9 100.64 100.78 -0.14 
73.2 88.71 88.88 -0.17 
64.3 77.83 77.95 -0.12 
54.6 65.96 66.05 -0.09 
45.6 54.88 55.01 -0.13 
37.3 44.73 44.82 -0.09 
29.2 34.76 34.88 -0.12 
20.2 23.83 23.84 -0.01 
13.2 15.23 15.25 -0.02 
1.6 1.02 1.02 0.00 
Slope Intercept   Average error 
1.23 0.96   -0.09 
 
Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
201.44 201.41   
Display Pressure 
(bar) 
Calibration 
meter Pressure 
(bar) 
Calibrated Pressure (bar) Difference between 
meter display & 
calibrated pressure (bar) 
83.2 99.63 99.75 -0.12 
73.8 88.2 88.27 -0.07 
65.3 77.77 77.88 -0.11 
57.7 68.6 68.60 0.00 
49.1 58.04 58.09 -0.05 
41 48.18 48.20 -0.02 
31.8 36.93 36.96 -0.03 
22.4 25.44 25.48 -0.04 
14 15.2 15.22 -0.02 
2.4 1.02 1.05 -0.03 
Slope Intercept   Average error 
1.22 1.89   -0.05 
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Display 
Temperature ℃ 
Calibrated 
Temperature ℃ 
  
201.44 201.41   
Display Pressure 
(bar) 
Calibration 
meter Pressure 
(bar) 
Calibrated Pressure (bar) Difference between meter 
display & calibrated 
pressure (bar) 
83.2 99.63 99.75 -0.12 
73.8 88.2 88.27 -0.07 
65.3 77.77 77.88 -0.11 
57.7 68.6 68.60 0.00 
49.1 58.04 58.09 -0.05 
41 48.18 48.20 -0.02 
31.8 36.93 36.96 -0.03 
22.4 25.44 25.48 -0.04 
14 15.2 15.22 -0.02 
2.4 1.02 1.05 -0.03 
Slope Intercept   Average error 
1.22 1.89   -0.05 
 
Calibrated Temperature ℃ a_slope b_Intercept 
21.95 1.26 0.11 
100.87 1.23 0.95 
201.41 1.22 1.89 
251.43 1.23 2.30 
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y = 1,84E-06x2 - 6,11E-04x + 1,27E+00
R² = 9,99E-01
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Appendix 2 
Measurement data from all successful bubble point and cloud point measurements are 
available in a supplementary file. 
